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ABSTRACT  
The aim of this research is to assess the usability of ecological risk assessment for improving 
water management strategies in gold mining. The case study of ecological risk assessment of 
Kittilä gold mine is carried out to discover the possible ecological impacts of the mine 
discharge waters on the receiving rivers as well as to possibly predict the future impacts on 
the rivers after the mine expansion is conducted and new permit regulation limits for water 
discharge are set. 
The data applied in this study includes both monitoring data from the Kittilä gold mine 
(Agnico Eagle Finland Oy) and data gained through sampling. The environmental sampling 
conducted for this study included water, benthic fauna and sediment samples. The samples 
were taken from Seurujoki River, upstream and downstream from the mining site, and 
Loukinen River, downstream from the mining site. The concentrations of elements in the 
waters of the studied rivers were compared to national and international guidelines and 
Predicted No Effect Concentrations (PNECs), which are derived using and the Species 
Sensitivity Distributions drawn according to data from US EPA Ecotox database. 
The results suggest that the slight decrease in benthos diversity in Seurujoki and Loukinen 
Rivers could be caused by the mine waste water effluent, the ecological state of them still 
remaining mostly good. The impacts on water and sediment quality are quite local. There was 
indication of most significant elements of the mine discharge being SO4, Sb and Ni 
considering potential ecological risk. Ecological risk assessment tools appear to be useful in 
supporting gold mine water management strategies. It helps in utilization of the monitoring 
data: i.e. allocating the load to the possible effects and operations to improve water treatment 
and management. However, implementing site-specific guideline concentrations for example 
by the use of SSD would require more toxicity data. 
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1. INTRODUCTION 
There has been a rise in the mining industry in Finland in the recent years. Economic growth 
and the rise in living standards increase the demand for metals, industrial minerals, fertilizers 
and other mining products. Several big mines, including Kittilä, Kevitsa and Talvivaara 
mines, have started operating during the last six years. Several new and development mining 
projects are ongoing in Finland. However, the reputation of the mining industry has suffered a 
blow due to accidents at mine sites leading to events referred as environmental disasters. 
Especially Talvivaara mine has suffered from strong opposition of the public after its famous 
accidents of major tailings ponds leakages in 2012 and 2013. 
The public interest on the environmental impacts of mining industry has increased the 
pressure to develop the water management of the mining companies. Distrust of the 
stakeholders may cause even economical hindrance. On the other hand the supervisory and 
environmental permit granting authorities should also improve the regulation of mining in 
order to minimize the possibility of such unfortunate events. The one main tool of the permit 
authorities is to set the permit limits for discharge. Setting of environmental permit limits 
might be done in accordance with other mining sites and their permit limits. It could be 
difficult to allocate the environmental permit limits to the current environment, even though 
the threshold contamination loads of ecological effects on the local ecosystems are rarely 
similar.  
Mining industry is often located in remote areas, for example in rural parts of Northern 
Finland, with little previous anthropogenic influence. Mining has the inherent feature of 
altering its surroundings in the form of, for example, quarrying, building roads and buildings 
and production of waste amounts of solid waste and waste water. Even though the 
environmental impacts of mining industry are to some extent inevitable, the negative impacts 
should be minimized to a level on which there are no, or as little as possible, harm to local 
ecosystems. 
The aim of this research is to assess the usability of ecological risk assessment for improving 
water management strategies of gold mining. The hypothesis is that the results of ecological 
risk assessment could be used by environmental authorities in setting permit regulations, and 
on the other hand by the mining companies in planning and improving water management. 
The case study of ecological risk assessment of Kittilä gold mine is carried out to discover the 
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possible ecological impacts of the mine discharge waters on the receiving rivers as well as to 
possibly produce information to predict the future impacts on the rivers after the mine 
expansion is conducted and new permit regulation limits for water discharge are set. The goal 
is that the information produced in this study could be utilized to improve mine water 
management to avoid ecological impacts of mine water discharges to the environment. This 
study is a part of the international SUSMIN project, which aims to produce tools for 
sustainable gold mining in EU. 
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2. LITERATURE REVIEW 
2.1 GENERAL ASPECTS OF MINING INDUSTRY 
2.1.1 Mining life cycle 
Mining consists of quarrying and beneficiation of metal, coal and/or industrial mineral 
deposits (Heikkinen and Noras 2005). The mining life-cycle comprises roughly four main 
phases: 1) ore exploration, 2) mine construction, 3) production and 4) site rehabilitation. The 
duration of the phases depend largely on different factors, such as size and quality of the 
deposit, the excavation techniques used and the market prices of the extracted substances. 
After exhaustion of the commercially viable deposit and decommission, the site is restored to 
a state in which the site poses no risk to the environment and public health. (Kauppila et al. 
2011). The closure phase, in the form of monitoring of the site following cessation of mining 
operations, can continue for years or decades (Heikkinen and Noras 2005). 
The objective of exploration is to discover and locate a mineral deposit that can be shown to 
be economically viable in order to initiate mining activities. The vast majority of exploration 
activities are finished if the indications of ore reserves prove insufficient in site-specific 
studies; only very rarely the exploration leads to exploratory excavation or mining permit 
applications. (Kauppila et al. 2011). Also, the exploration phase can continue for even 
decades before it is possible to start planning the actual mining (Heikkinen and Noras 2005). 
In addition to resources in the bedrock, economic, environmental and social factors have to be 
taken into account as well. Exploration methods include e.g. outcrop mapping and sampling 
from the bedrock surface, geochemical exploration, bedrock drilling and pilot mining. 
(Kauppila et al. 2011). 
The discovery of an ore deposit does not always lead to opening a mine, the extraction and 
processing are required to be economical. The assessments of the feasibility of the deposit 
considering e.g. location and size of the deposit, concentrations of valuable minerals, 
concentrating and further processing, opportunities to market the concentrate and the costs of 
construction and the required permits, may take several years to complete. (Kauppila et al.  
2011). The construction phase itself normally takes around two years when a concentrating 
plant is built along with the mine. (Kauppila et al. 2011). The aim during the construction 
phase is to begin the production of ore before the concentrating plant is completed. In open pit 
mining, the surface of the deposit has to be removed, which often requires massive earth-
moving operations. The overburden that is removed from the open pit area that is not used for 
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building roads, dams etc., is normally stored in the mining area in order to be used as 
earthworks and landscaping. (Heikkinen and Noras 2005 and Kauppila et al. 2011). 
Storage areas for mining waste resulting from excavation and concentration process are built 
before production is begun to ensure secure storage of the waste in terms of both health and 
the environment (Kauppila et al. 2011). Requirements for waste area underliners depend on 
local regulations (Tornivaara 2013). Storage of tailings is usually handled by large dammed 
ponds that are equipped with structures for waste water draining and facilities for water 
treatment. The impermeability of the base structures of the tailings ponds has to be ensured to 
prevent pollution to the environment. The structure of waste rock areas is in general simpler 
since no dams are required. (Kauppila et al. 2011). 
During the production phase, ore is removed from the bedrock and crushed and ground to an 
appropriate size considering the concentration process. In concentrating, the valuable 
substances and minerals in the ore chemically or mechanically removed from the gangue, 
which means the commercially worthless rock surrounding, or being mixed with, the wanted 
mineral. The mine’s end product is commonly the concentrate consisting of dry, finely ground 
mineral material containing precious metals, or in case of a gold mine, it may also be gold 
bars (also doré bars). (Kauppila et al. 2011). The production phase duration is commonly 
from few years to several decades (Heikkinen and Noras 2005). 
Mining processes generally consume large quantities of electricity, fuels and water. Even 
though the need for water can be addressed by recycling water from the process, sufficient 
amounts of fresh water is still required in operation. Fresh water is typically drawn from a 
lake or river nearby, and in some cases the mine dewatering water can be used. (Kauppila et 
al. 2011). An example of a general diagram of the traditional water circulation at a mine is 
illustrated in Figure 1 modified according to Kauppila et al. (2011). Water comes from 
various sources to the circulation and is released in the end to the environment as waste water 
through some form of waste water treatment. Clean water here refers to drinking water which 
is generally bought from external supplier. 
10 
 
 
 
Figure 1: An example of the traditional water use pattern at a mine (Modified from Kauppila 
et al. 2011). 
As the commercially exploitable ore runs out or the mining operations are terminated 
permanently, decommissioning of the mining works and rehabilitation of the site becomes 
topical. (Kauppila et al. 2011). Under current legislation, the mining operations have to be 
ceased when the mining permit expires or is revoked (Mining Act 621/2011). However, the 
operator of the mine has the responsibility to implement the measures required to prevent 
environmental contamination, ascertain the environmental impact of the operations and to 
monitor the site for a time set in the permit. (Kauppila et al. 2011). The mine closure planning 
is begun early in the mining life-cycle, usually in the permitting phase, to reduce potentially 
adverse environmental impacts as well as to take closure costs into account in determining 
overall costs of the mine (Kauppila and Vartiainen 2013). However, the closure plan is 
updated regularly to reflect current activities and the conditions of the granted permits. Often 
some of the closure measures are carried out in stages while the mine is still operating. 
(Kauppila et al. 2011).  
In a closure plan, measures pertaining to all of the mining operations are described. The 
measures are partly specific to a certain mine and partly depending on factors such as ore type 
and size of the mine. (Kauppila et al. 2011). The main objective of mine closure is restoration 
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of the mining site to a condition where it poses no detriment to environment or human health 
and is as similar as possible to the original ecosystem: ensuring long-term physical, chemical, 
and biological stability (Kauppila et al. 2011 and Kauppila 2013a). Monitoring is used to 
ensure that the measures carried out, the structures and systems, e.g. water treatment and 
drainage, are working properly and the aims of mine closure are being met (Kauppila et al.  
2011). 
2.1.2 Mining legislation 
The mining activities in Finland are regulated by the Mining Act (Kaivoslaki 621/2011). The 
objective of the Mining Act is to promote mining and on the other hand to guarantee its 
social, economic and ecological sustainability. Mining act aims to promote safety, to mitigate 
hazards and hindrance and to ensure the responsibilities of the culprits. (Ryhänen and 
Ahvensalmi 2013). Further objectives of the Act are to ensure municipalities’ and individuals’ 
opportunities to influence decision-making involving them and their living environment as 
well as to promote safety of mines. Exploration and mining permits, regulated under the 
Mining Act, are required for exploration of the structures and composition of geological 
formations and further for the establishment of a mine and the undertaking of mining activity. 
The decisions on licenses and permits pursuant to the Mining Act in Finland are made by the 
Finnish Safety and Chemicals Agency (Turvallisuus- ja kemikaalivirasto, Tukes). (Tukes 
2012). 
In addition to the provisions laid down in the Mining Act, decisions on permit issues or other 
matters are to comply with the provisions of the Nature Conservation Act (1069/1996), the 
Environmental Protection Act (527/2014), the Act on the Protection of Wilderness Reserves 
(62/1991), the Land Use and Building Act (132/1999), the Water Act (264/1961), the 
Reindeer Husbandry Act (848/1990), the Radiation Act (592/1991), the Nuclear Energy Act 
(990/1987), the Antiques Act (295/1963), the Off-Road Traffic Act (1710/1995) and the Dam 
Safety Act (494/2009). (621/2011). The required permits depend on the activities at the 
mining site and the surrounding environment: more various kinds of permits are required on 
mining sites with both mining and mineral processing. For example, Kittilä gold mine 
operations, at the extent they were in 2012, required 21 permits, granted by five different 
authorities. (Pöyry 2012a). 
In Finland, the Regional State Administrative Agencies (Aluehallintovirasto, AVI) make the 
decisions on licenses and permits considering the mining industry pursuant to the 
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Environmental Protection Act and the Water Act. Activities including a risk of environmental 
pollution require issuing a permit under the Environmental Protection Act, while the issuing 
of permits for water resources management projects is regulated under the Water Act. (AVI 
2013a). Limits for pollutant discharge from the mining activities and for example waste 
management are set in the environmental permits as permit regulations. Also the regulations 
on the monitoring of the activity, emissions and the state of the environment have to be issued 
as part of the permit. The Centres for Economic Development, Transport and the 
Environment (ELY-centers), act as the supervisory authority of permit regulations and 
monitoring requirement compliance. (527/2014). 
For granting an environmental permit for a project or a plan with extensive environmental 
impacts, such as an expansion or a new mine, an Environmental Impact Assessment is 
required. The ELY-centers act as coordination authorities for Environmental Impact 
Assessments. The aim of the procedure is to support the planning, implementation and 
monitoring of the plan or project and to increase participation in the preparation phase. 
(Finnish environmental administration 2015). 
2.1.3 Mining in Finland 
There is a long history of mining in Finland. First iron mines started working already in the 
16
th
 century (Kauppila et al. 2011). In Finland, mining is a growing industry that produces 
necessary raw material for e.g. metal, chemical and paper industry. There are 46 working 
mines in Finland (year 2013), 12 of which produces precious or other metals (e.g. gold, 
chromium, nickel, copper and zinc) and 27 industrial minerals mines (e.g. apatite, talc and 
limestone). The other 7 include e.g. precious and industrial stones. (Kokko 2014). Actually, 
Finland is the biggest producer of several industrial minerals in Europe (GTK 2015a). The 
map over different types of mines and current projects of the mining industry in Finland is 
presented in Figure 2 (GTK 2015b). 
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Figure 2: Active metal ore mines and current projects in Finland. Situation in September 
2015. (GTK 2015b). 
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The objective of the mining strategy in Finland is to provide Finnish metal refinement 
industry, which is globally among of the most technically advanced ones, with more raw 
material from domestic sources. This would ensure the continuity of the mining operation and 
improve its competitiveness. (Kokko 2014). There have been several big investments on the 
mining sector during recent years, biggest of which the Talvivaara multi-metal mine 
(production from 2009 onwards), Kittilä gold mine (2009 onwards) and Kevitsa multi-metal 
mine (production 2012 onwards) (Hernesniemi et al. 2011 and Wikipedia 2014). Several 
mines are planning to expand their production. There are in total more than 40 ongoing 
development and new mining projects all around Finland (Figure 2). The investments on the 
mining sector during following years are estimated to be 1.6 billion euro at minimum; 
however the more likely estimate is around 3 billion. (Hernesniemi et al. 2011). The amount 
of mined metal ore in Finland has grown more than fivefold between 2007 and 2013. In 
contrast, the amount of mined industrial mineral ore has decreased slightly during these years. 
(Kokko 2014). 
In the year 2013 the annual revenue of the mining industry, metal ore and industrial minerals, 
was about 1.5 billion euro. The mining industry provided employment directly to about 3000 
people in 2013. (Kokko 2014). Mining industry creates employment to the regions, where it is 
needed the most: most of the jobs in mining sector are located in Northern and Eastern 
Finland. Still, the employment effect can be seen in the whole Finland. (Hernesniemi et al. 
2011).  
The Fraser Institute is an independent research institute that gathers annually the opinions of 
the operators of the mining sector to a global comparison. Finland has in last five years 
ranked among the five top countries in these evaluations. The mining companies appreciate 
stable, predictable and transparent policy along with well-educated labor. Furthermore, the 
availability of geological data, good infrastructure and a safe investment environment make 
Finland an attractive country for mining companies. However, in recent years the conditions 
for mining have become more unstable by prolonged permit processes, tightening of taxation 
and the anti-mine –atmosphere which might decrease the investors’ interest in Finland. 
(Kokko 2014).  
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2.2 CHALLENGES OF GOLD MINING TO ENVIRONMENTAL MANAGEMENT 
Mining causes major impacts on land before, during and after operation. The processes of the 
mining industry can be roughly divided to quarrying and enrichment. In metal mining the ore 
and waste rock are removed by quarrying, after which the ore is transported to be crushed and 
grinded to a suitable grain size. The enrichment process includes separating the desired 
minerals from other ore minerals with common physical methods. In addition to these 
methods, leaching and hydrometallurgical methods can be used. (Kauppila 2013a). Impacts of 
mining may include: clearance of vegetation for example for roads, infrastructure and drill 
sites, creation of mining pits, waste piles and tailings dams, surface subsidence, excessive 
water use, destruction or disturbance to ecosystems, emissions of heat, radioactivity and noise 
as well as the release of solid, liquid or gaseous contaminants to the environment. 
(Lottermoser 2010). The major factor affecting the impacts of mining is the geology of the 
mined resource. Other significant factors are climate, topography and the mining and 
processing methods applied. (Lottermoser 2010). 
Natural occurrence of elements varies according to the ore deposit and rock type. 
Exceptionally high metal and metalloid concentrations to soils, sediments and waters can be 
naturally provided by certain ores and rocks. (Lottermoser 2010). Vegetation has to adapt to 
such metal-rich soils and sediments. Concentrations in plants can become so high, that acute 
toxicity is induced in grazing animals. Element enrichment may be found in receiving 
streams, soils and sediments and adverse effects on local and regional ecosystems may occur 
naturally because of this. Alternatively, the negative impacts may be exacerbated or caused by 
improper mining and mine waste disposal practices. (Lottermoser 2010). The environmental 
impacts of gold production differ widely according to the methods used (Müezzinoǧlu 2003).  
2.2.1 Gold production 
It can be stated that some of the most severe environmental problems in gold production can 
be linked to small-scale gold mining. This informal mining comprises a major part of gold 
production, for example in Brazil, the second largest gold producer of the world, 90 % of the 
gold produced comes from small-scale mining (Malm 1998). Small-scale producers especially 
in China and Brazil, commonly use the historic amalgamation technique for gold extraction. 
In this process, high quantities of toxic emissions including mercury vapor as well as liquid 
and solid wastes are generated. It has been calculated that a minimum of 1 kg of mercury is 
emitted for every produced gold kg. (Müezzinoǧlu 2003). It has been estimated that between 
1550 and 1880 almost 200 000 tons of mercury was released to the environment in gold 
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mining activities in South America alone (Malm 1998) and nearly 3 000 tons into the Amazon 
environment during 1995 - 2010 (Lottermoser 2010). Elevated methyl mercury concentrations 
have been detected in human tissue in areas near to gold mining sites (Müezzinoǧlu 2003). 
Cyanidation process contributes to the environmental challenges in gold mining. These 
modern techniques have made it possible to extract gold in the microscopic size, i.e. locked 
inside minerals. Since the 1970s, cyanide leaching technique for extracting gold from such 
ores has become popular, even though the cyanide leaching method is known for about a 
century. (Müezzinoǧlu 2003). There are two types of cyanidation methods used in gold 
mining:  1) vat-leaching, where crushed and ground ore is mixed with cyanide solution in 
reactors and 2) heap-leach system, in which huge pits are made from crushed ore and sprayed 
with cyanide solution. The cyanide solution is collected with blankets underlying the heaps. 
The second method is more common throughout the world as it is cheaper, easier to run and 
can process large ore quantities. (Müezzinoǧlu 2003). 
In both cases, the excess tailings are conveyed to holding ponds in order to store the toxic 
solutions and sediments and recycle the spent cyanide solution (Müezzinoǧlu 2003). Milling 
and heap leaching require cycling of millions of liters of alkaline water that contains 
substantial concentrations of sodium cyanide (NaCN), free cyanide and metal cyanide 
complexes that are biologically available. Milling operations can result in tailings ponds sized 
up to 150 ha and larger. The cyanide-containing ponds have to be properly managed to 
prevent leakages to environment. (Müezzinoǧlu 2003). A natural degradation of cyanide in 
tailings ponds is reported, but this is not sufficient in most cases to reduce the residual 
cyanide concentration to a level which would allow these waters to be directly discharged  
(Álvarez et al. 2004). Toxic constituents of the tailings could pose a threat in case of an 
accidental leakage of a tailings pond. For example Eisler and Wiemeyer (2004) have reviewed 
some major accidents: Failure in gold mine tailings ponds caused by heavy rainfall killed 17 
people in South Africa in 1994 and in New Zealand streams and rivers were contaminated in 
1995 after a major spill. (Eisler and Wiemeyer 2004). In heap leaching, cyanide and other 
contaminants may be released through faults in pad liners placed under the heaps. Cyanide 
may persist for at least a century in groundwater, mine tailings and abandoned leach heaps, 
under certain alkaline conditions. In returning a site to an environmentally safe state, natural 
reaction with ore, soil, clay and microorganisms to destruct cyanide has been advanced as the 
major mechanism. (Eisler and Wiemeyer 2004). Also other techniques for cyanide 
elimination are in use at modern gold mines (see e.g. Agnico Eagle Finland 2015). 
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Since cyanide does not only react with gold but also with many other elements in solution, 
several different cyanide-related compounds can be generated (Müezzinoǧlu 2003 and 
Álvarez et al. 2004). Because of this, the effluents discharged into the tailings ponds can 
contain free cyanide, various metal cyanide complexes and their oxidized products such as 
ammonia, cyanate and thiocyanate. Tailings ponds open to the atmosphere enable evaporation 
of hydrogen cyanide (HCN) gas which is formed partly due to photolysis of cyanides. This is 
to some extent considered as natural degradation of waste water. (Müezzinoǧlu 2003). 
Annually, a total of 20 000 tons of HCN is estimated to escape into the atmosphere from gold 
mining operations (Eisler and Wiemeyer 2004).  pH of the tailings ponds is kept high in order 
to guarantee the insolubility and sedimentation of metal cyanide complexes. However, as gold 
ore often contains pyrites and similar inorganic sulfur compounds, the Acid Rock Drainage –
processes (ARD) may cause problems (see chapter 2.2.2). (Müezzinoǧlu 2003). If acidic ARD 
waters discharge into tailings ponds, pH fluctuations might be occurring increasing the 
solubility of metal cyanide complexes. This could potentially enable heavy metal 
contamination of ground and surface waters as well as excess HCN gas emissions. 
(Müezzinoǧlu 2003). 
In case of sulphidic ores, the ore can be roasted under reducing conditions (Müezzinoǧlu 
2003) or oxidized under pressure and high temperature with autoclave (Agnico Eagle Finland 
2015) prior to cyanidation in order to increase gold recovery. Presently the roasting method is 
banned due to sulfur dioxide emissions in case of deficient desulfurization of stack gases 
(Müezzinoǧlu 2003). Gold ores in forms of pyrites or arsenopyrites contain arsenic, which has 
become a severe environmental pollutant at gold processing areas in Ghana, where roasting 
was used. The defilement-causing arsenous oxide and sulfur oxides were emitted as a 
component of smoke from roasting operation (Amasa 1975) as well as the huge gold tailings 
continuously washed into streams and rivers at the richest of the gold mines of Ghana, Obuasi 
(Ahmad and Carboo 2000). The extreme impacts included vegetation pollution, growth 
inhibition, and other plant injuries detected at a range of 4 km from the chimney. Also some 
food items, water and soil near the mining area had unusually high arsenic levels. (Amasa 
1975). 
However, these kinds of impacts are not to be considered usual or associated to modern gold 
mining. As mentioned earlier, nowadays there are techniques to eliminate cyanide after 
extraction of gold (e.g. see chapter 4.1.2, INCO-method and closed circle, Agnico Eagle 
Finland 2015), or to use alternative leaching methods, for example thiosulphate leaching (Yen 
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et al. 2001). Thiosulphate leaching is being commercially applied in Barrick’s operations at 
Goldstrike, Nevada, USA (Choi et al. 2013). According to Cashion and Brown (1998), among 
novel methods for gold recovery from low-grade ores, bacterial oxidation seems to be the 
most promising. Bacterial oxidation is used for treating low-grade pyritic ores currently in 
several gold mines. The main bacterial culture used is Thiobacillus ferrooxidans. The bacteria 
used derive energy by oxidizing inorganic sulfur and/or ferrous iron. The oxidation process 
operates efficiently to make gold accessible to the leachant. (Cashion and Brown 1998). 
Bacteria have been used also in developing biochemical treatment methods for detoxifying 
cyanide containing waste solutions as well as to replace activated carbon in recovering gold 
from solution. (Müezzinoǧlu 2003). 
2.2.2 Water and waste management 
One of the most serious challenges to environmental management in the mining industry 
today is the Acid Mine Drainage (later AMD) (or Acid Rock Drainage). AMD results from 
the accelerated oxidation of sulfide-containing ores and rocks (Akcil and Koldas 2006). It is a 
naturally occurring rock weathering process which is caused when water and air come into 
contact with sulphide mineral containing rocks. Mining can promote AMD generation 
through exposing sulphides. (Akcil and Koldas 2006). Furthermore, naturally occurring 
acidophilic sulphide-oxidising bacteria, especially Thiobacillus ferrooxidans, can 
significantly accelerate AMD process by increasing the breakdown of sulphide minerals 
(Banks et al. 1997) and (Akcil and Koldas 2006). Thiobacillus ferrooxidans thrives at low pH 
(1.5-3.0) and being a chemoautotroph, it derives energy for its metabolic processes from 
oxidation of reduced sulfur and iron while CO2 is utilized as a carbon source (Banks et al. 
1997). 
The problem is especially with mine waste rock, surface mines and in underground workings 
of deep mines where there is contact to groundwater (Stoica et al. 2009) and (Johnson and 
Hallberg 2005). There are several types of sulfide minerals that may produce AMD, most 
common of which are iron sulfides (Akcil and Koldas 2006), such as pyrite, pyrrhotite and 
arsenopyrite (Rickard and Luther 2007). Exposure to oxidizing conditions in the presence of 
water and oxygen causes the sulfide minerals to oxidize, forming acidic, sulfate-rich drainage. 
The acid generation process requires sulfide minerals, water or humid atmosphere and an 
oxidant, which can be oxygen from atmosphere or from a chemical source. (Akcil and Koldas 
2006). Pyrite oxidation in simplified form occurs according to following equation (Banks et 
al. 1997): 
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2FeS2 + 2 H2O + 7O2 = 2Fe
2+
 + 4SO4
2-
 + 4H
+
(aq)   (1) 
AMD often contains elevated concentrations of nitrates, metals and metalloids, and possibly 
organic compounds (Stoica et al. 2009 and Banks et al. 1997). The acidic runoff can percolate 
into the ground, contaminating soil, disturbing the aquatic life and is a possible drinking water 
contaminant (Stoica et al. 2009 and Akcil and Koldas 2006). AMD is a continuous process 
that does not stop when mining is stopped. For example in the UK, more than 20 discrete 
outfalls of abandoned coal mines have been discovered to have emitted polluted waters with 
high iron content and low pH for decades. (Banks et al. 1997). 
The main fractions of discharged mine waters are drainage- and process waters. Different 
fractions are piped to tailings ponds and further to clarification ponds, where they are handled 
with precipitation and chemical processes before channeling the waters out of the mining site. 
(Solismaa and Mäkinen 2013). Drainage or dewatering water refers to water, that has to be 
removed from open pits and underground by pumping. Rainwater can reach the underlying 
aquifers via faults, gallerys etc. in addition to direct downward movement, thus increasing the 
quantity of water. In active underground mine workings the excavation is kept dry with 
continuous pumping of water. Then, as the mining and pumping stops, the water table 
rebounds to its natural level or to a new level resulting from the mining operations. The 
chemical nature of drainage waters varies from mine to mine, common feature being reddish-
brown suspension due to iron minerals present at sulphide ore mine. (Pentreath 1994). The 
composition of the drainage waters is characterized by the geochemistry of the mined ore and 
used explosives. (Solismaa and Mäkinen 2013). According to the mining area, the drainage 
water can be alkaline (calcareous ore), moderately or highly saline, alkaline and ferruginous, 
or acidic and ferruginous (Pentreath 1994). Common features are the presence of iron 
sulphides, which dissolve forming sulfuric acid upon prolonged contact with water, as well as 
salinity, the salts being chloride or sulfate. Further, the acidity could lead to leaching of other 
metals present. Therefore, the drainage waters pumped from excavations are possibly acidic, 
laden with metals (e.g. cadmium, copper and zinc) and suspended material which co-
precipitate out as a highly colored flock. (Pentreath 1994). 
According to Solismaa and Mäkinen (2013), nowadays the metal contents of drainage waters 
do not represent a big part of the waste water contaminants, but the main load originates from 
the process waters. Especially the alkali- and alkali earth metals along with, for example, 
sulphate could cause the main contaminant load on the recipient waters. (Solismaa and 
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Mäkinen 2013). Nitrogen load from the use of explosives is typical for mine drainage waters 
(Kauppila et al. 2011). 
Current production from gold mines creates about 7*10
8
 tons of ore wastes in dry solids in a 
year. Since this ore material has gone through crushing, milling and pyrometallurgy or 
chemical processes, the elements are in a chemically mobilized form. These wastes are left 
aside as heaps of solid wastes or sediment sludges containing potentially hazardous, 
chemically mobile components. (Müezzinoǧlu 2003). Mine wastes pose a problem because of 
their substantial volume and aerial extent as well as the impact some of them have on local 
ecosystems (Lottermoser 2010). Because of this, mine wastes need to be isolated from the 
surrounding environment and treated to reduce oxidation, toxicity, erosion or unsightliness. 
(Lottermoser 2010 and Tornivaara 2013).  
Uncontrolled mine waste disposal could increase turbidity in receiving waters and release of 
great amounts of potentially harmful elements, acidity or radioactivity. These substances can 
spread to the environment causing adverse effects. Considering releases of mine wastes to the 
environment, the bioavailability of the present elements is crucial for the nature of the 
following environmental impacts. Furthermore, even in bioavailable form, the compounds are 
not necessarily taken up by plants and animals, or the uptake does not lead to toxicity. 
(Lottermoser 2010). For evaluation of the discharge from the storing of waste rock, the most 
important qualities to investigate are the ratio between acid-producing and neutralizing 
minerals as well as the concentrations of for example metals and metalloids. The solubility, 
along with the harmfulness, of most metals increase in acidic conditions. Some residues of 
enrichment process additives, such as cyanide or xanthates, are transported to the waste areas 
with the tailings, possibly causing extra load on the receiving waters. Aftercare of a tailings 
area can be done with covering the tailings with soil or water. (Tornivaara and Karlsson 
2013). 
2.2.3 Treatment of water and waste 
A conventional and potentially effective active water treatment for mine waters includes 
alkaline dosing, aeration, flocculation and settlement. The alkaline used in dosing is most 
often preferred to be calcium hydroxide, resulting heavy metals precipitating as hydroxides 
under aerobic conditions. Also anaerobic active treatment processes have been found 
successful. With these processes metals are often precipitated as sulphides. Other treatment 
methods used for active mine water treatment include addition of scrap iron to precipitate and 
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reduce copper galvanically, ion-exchange techniques, electrochemically assisted sorption on 
dead biomass, electrolysis and reverse osmosis. (Banks et al. 1997). 
Alkaline chlorination of mine waters is one of the most commonly used cyanide waste 
treatment. This process produces cyanogens chloride (CNCl), which is hydrolyzed to cyanate 
(CNO
-
) at alkaline pH. CNO
-
 can be further oxidized if free chlorine is present. Total cyanide 
in high-cyanide rinse waters can be reportedly reduced by use of sulfur dioxide in 
environment of high dissolved oxygen. (Eisler and Wiemeyer 2004). Other methods of 
cyanide waste management include lagooning for e.g. natural degradation, evaporation, 
exposure to ultraviolet radiation, aldehyde treatment and ozonization (Eisler and Wiemeyer 
2004 and Álvarez et al. 2004). In Canadian gold mining operations, the main cyanide removal 
treatment is to retain wastewaters in impoundments for a time from several days to months. 
The removal occurs through volatilization, photodegradation, chemical oxidation and 
secondarily by microbiological oxidation. (Eisler and Wiemeyer 2004). Microbial oxidation 
has reported not to be significant in tailings ponds due to the high pH (>10), low amount 
microorganisms, low levels of nutrients and cyanide concentrations above 10 mg/l. However, 
cyanide-resistant microorganism strains are nowadays commonly used in cyanide 
degradation. Additional detoxification treatments for cyanide-containing wastes include use 
of ferrous sulfate (FeSO4) alone or together with carbon dioxide (CO2), hydrogen peroxide 
(H2O2) and calcium hypochlorite Ca(OCl)2. (Eisler and Wiemeyer 2004). 
Passive mine water treatment techniques are increasingly favoured at sites with less extreme 
quality (Banks et al. 1997). Among these, wetlands are a common water treatment option. 
Wetlands are mixtures between aquatic and terrestrial ecosystems with diverse and abundant 
vegetation as well as microfauna (Kytö and Räisänen 2002). Wetlands form naturally along 
open channels and shores of lakes, but they can also be constructed. Reasons for constructing 
a treatment wetland could be: Lack of natural wetland, the natural wetland being close to 
saturation after a long period of time receiving mine drainage, natural wetland having peat as 
primary substrate preventing the water transmission through the substrate, thus limiting 
anaerobic processes, or the natural wetland being rich in humic acids limiting neutralization 
capability (Wildeman et al. 1993). Wetlands can be constructed by damming a stream at a 
depression: it is important to slow down the stream velocity to retain solid material and 
nutrients to soil from the water (Kytö and Räisänen 2002 and Wildeman et al. 1993). In 
general, the higher are the element concentrations, the slower has the stream velocity to be. 
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The removal of metals is based on mechanical, chemical and biological processes. The 
surface of the wetland is aerobic while the bottom part is anaerobic and reductive, which 
enables the retention of chemically divergent metals to the wetland sediments (Kytö and 
Räisänen 2002 and Wildeman et al. 1993). However, it is also possible to have wetlands 
almost solely aerobic or anaerobic. (Kytö and Räisänen 2002). The purification processes of 
wetlands include 1) in aerobic surface layer: sedimentation of solids and oxidation of iron and 
manganese as oxide hydroxides 2) in sediment (aerobic/reductive): adsorption of solute 
substances to solids, complex formation of solute substances with organic matter, assimilation 
of metals to plants and algae 3) in reductive layer: microbiological reduction of sulfate and 
precipitation of metal sulfides, which is the most important metal removal process of 
wetlands. Cold weather, too high stream velocity, drought and heavy rain can reduce the 
effectiveness of a wetland. (Kytö and Räisänen 2002).  
In Wetland Desing for mining Operations (Wildeman et al. 1993), following removal 
processes operating in a wetland in the order of decreasing priority: 1) Exchange of metals by 
an organic-rich substrate (usually peat), 2) Sulphate reduction with precipitation of iron and 
other sulfides, 3) Precipitation of Fe and Mn hydroxides, 4) Adsorption of metals by ferric 
hydroxides, 5) Metal uptake by living plants, 6) Filtering suspended and colloidal material, 7) 
Neutralization and precipitation through generation of NH3 and HCO3
-
 by bacterial decay of 
biologic matter, and 8) Adsorption or exchange of metals onto algal materials (Wildeman et 
al. 1993).  
The most important process is thus the ion exchange: Cations (i.e. positively charged ions, 
often metals), can be adsorbed on to soil particles, such as clay minerals or humic substances 
through cation exchange (Wildeman et al. 1993 and Pöyry 2012a). However, this adsorption 
is not permanent since the solubility of the metals is dependent on the current redox potential 
and pH (Pöyry 2012a). Generally the solubility of metals increases as the pH and redox 
potential decrease. This is because in acidic conditions the concentration of H
+
 ions in the 
water solution is high, and the H
+
 ions replace the cations adsorbed on the soil particles. This 
leads to increase in metal concentrations of the solution. (Pöyry 2012a). Anions (i.e. 
negatively charged ions), for example arsenic and antimony, act in a different way than the 
cations. Because at normal pH range the charge on the soil particles is negative, repulsive 
force is created between the soil particles and anions. As pH decreases, there can be positively 
charged parts on the soil particles for the anions to adsorb on to. This means that the 
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adsorption of these negatively charged metals and non-metals increases at lower pH 
controversially to positively charged metal ions. (Pöyry 2012a). 
Waste rocks containing sulfide are a significant source of AMD, which makes the waste 
dumps management of utmost importance (Akcil and Koldas 2006). Waste facilities should 
have appropriate basal structures, either natural soil structure or artificial basal structure on 
top of the load-bearing natural soil. The structure can be completely watertight, slightly 
permeable or permeable. Considering potentially harmful impacts causing waste, a watertight 
layer should be a part of the basal structure. Selection of the basal materials should consider 
the availability and costs of the materials as well as the potential concentrations of harmful 
substances in the waste, their solubility and acid formation and neutralizing properties of the 
waste. (Tornivaara 2013). In addition to basal structures, also covering of the waste is a 
common practice in managing mine wastes. Dry cover of the waste can comprise a single soil 
layer or a layered structure of numerous soils, synthetic material and/or waste materials. The 
objectives of covering include isolating the waste from water and oxygen and promoting 
vegetation. (Kauppila and Räisänen 2013a). Water cover may also be used and it is actually 
considered as one of the best remediation methods for reactive mine wastes at sites with 
positive water balance (Kauppila and Räisänen 2013b). The objective of water cover is to 
prevent or reduce oxidation of iron sulphides and thus the leaching of harmful substances. 
Benefits of water coverage include low maintenance requirements and prevention of dusting 
of the waste material. (Kauppila and Räisänen 2013b). 
2.3 ENVIRONMENTAL IMPACTS OF GOLD MINING 
2.3.1 Terrestrial impacts 
Individual mines often cover areas of thousands of hectares, and additional thousands of 
hectares are often leased by mining companies for possible mining. In the end, mining 
activities convert the site into large flat-topped hills of crushed ores, waste rock or tailings as 
well as open pits. These changes could cause long-term damage to wildlife habitat. However, 
most mining sites are reclaimed through revegetation, general exception being open pits. 
(Eisler and Wiemeyer 2004). 
Cyanide-containing tailings could cause environmental impacts, for example be hazardous for 
biota, if they are not properly managed: Storage ponds of cyanide solutions can draw birds 
and mammals as a source of water. Cases have been reported, where flocks of birds have been 
killed by drinking water from cyanide-containing water storage ponds. (Korte and Coulston 
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1998). Animals can ingest, inhale or absorb cyanide through the skin. According to 
toxicological studies, short-term exposure to high concentrations of cyanide can harm the 
nervous, respiratory and cardiovascular systems of animals. (Korte and Coulston 1998). In 
Nevada alone, at least 9500 animals including birds, mammals, reptiles and amphibians were 
killed between 1986 and 1991 by cyanide in heap leach solutions and mill tailings ponds at 
gold mines. However, since those years, the number of cyanide-related deaths of vertebrates 
has significantly reduced by implementation of toxic pond permit program and cooperative 
work with mining companies. (Eisler and Wiemeyer 2004). There are currently no 
recommended safety levels of cyanide in waters, soils or air. (Korte and Coulston 1998). 
2.3.2 Aquatic impacts 
The impacts of untreated mine water on aquatic communities may not be immediately 
apparent, but possibly severe. The greatest impact of mine water pollution occurs perhaps in 
the smaller streams which are often vitally important as fish breeding grounds and nursery 
areas. The potential observable biological effects according to Pentreath (1994) include 1) 
depletion of number and diversity of free swimming and benthic aquatic organisms, 2) loss of 
spawning gravel for fish and 3) direct fish mortalities as well as potentially a range of less 
easily observed sub-lethal effects. Precipitating iron hydroxides coating the river beds can 
ultimately make rivers virtually fishless and cause depletion of number and diversity of 
benthic species. Low pH can be directly toxic causing damage to fish gills. (Pentreath 1994). 
Fish have also detected to be the most cyanide-sensitive group of aquatic organisms (Korte 
and Coulston 1998). It was seen in the ancient mining site of Roşia Montană District in 
Romania that the running waters cause AMD leading to decrease in fish population in some 
valleys. It is concluded in the study of Stoica et al. (2009) that the ecosystem of the mining 
area was partially destroyed due to mining exploitation. The rivers of the studied area are 
characterized as inferior category water due to naturally acidic waters from ancient mines, 
domestic wastes and industrial activities. (Stoica et al. 2009). 
Many of the impacts mentioned earlier are consequences of artisan or outdated mining 
techniques. No severe terrestrial or aquatic impacts of gold mining have been reported in 
Finland. Some of the most significant elements in gold mining effluents are reviewed in next 
sections. 
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2.3.2.1 Arsenic and antimony in aquatic environment 
Arsenic (As) is a toxic element, belonging to the category of metalloids, which occurs 
naturally in the environment throughout the world (Du et al. 2015). The most common As 
mineral is arsenopyrite (FeAsS), which can be associated with significant amounts of gold. 
(Lahermo et al. 1996). Pollution level of As is currently elevating due to both natural and 
anthropogenic sources. Sediments act as an important sink of elements, that however can also 
be released back to the water, sediments thus acting as a secondary source of As pollution. 
Consequences to a living organism of long-term exposure to elevated As concentrations are 
severe. Arsenic may accumulate in the aquatic environment, possibly leading to ecological 
damage. The potential of As to cause harm in an organism depends on the bioavailability and 
toxicological effects of the chemical species of As present in certain environment. Potential 
chemical species of As include arsenite (As(III)), arsenate (As(V)), monomethylarsonic acid 
(MMA) and dimethylarsinic acid (DMA). The presence of these chemical species depends on 
the chemical and geological conditions (Du et al. 2015). 
As examples of different toxicological effects of different As species, inorganic As is 
carcinogenic and highly toxic, whereas methylated forms of As such as MMA and DMA are 
significantly less toxic. Furthermore, the toxicity of As(III)  is about 60 higher in comparison 
to As(V). Based on this, the total As concentration in water or sediment cannot be used to 
represent the biological availability or the potential hazards. (Du et al. 2015). However, the 
US EPA has given national recommendations for a number of elements in aquatic 
environment in the National Recommended Water Quality Criteria for aquatic life (US EPA 
2015a). They stated that the predicted safe levels of As(III) in fresh water are 150 µg/l 
(chronic) and 340 µg/l (acute). It is said, that there are not enough data available to derive 
numerical water quality criteria for As(V) or methylated As species. However, As(V) was 
found toxic to freshwater aquatic plants at a concentration as low as 48 µg/l. (US EPA 1986). 
In Canadian fresh water quality guidelines, the chronic guideline concentration for As is 5 
µg/l including both arsenic species (CCME 2014). Typical sediment As concentrations in 
Finnish streams are 0.8-15 mg/kg As (Lahermo et al. 1996).  
Antimony (Sb) is the least studied element in the scantily studied element group called 
metalloids. (Filella et al. 2002). Sb is most abundant in sulphides, where it often occurs 
together with metals (Zn, Pb, Cu, Ag and Au). The most common Sb mineral is stibnite, or 
antimonite, Sb2S3. In sulphide mineralization areas, the concentrations of Sb in plants may be 
significant. (Lahermo et al. 1996). Concentrations of Sb are in general lower than 1 µg/l in 
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unpolluted water. Sb in occurs in aquatic environment as a result of rock weathering, soil 
runoff and anthropogenic activities. (Filella et al. 2002). Soil humic substances, Al- and Fe 
hydroxides and phosphates are able to bind Sb to sediment. In reducing conditions of the 
bottom sediment, Sb can precipitate together with sulphides. (Lahermo et al. 1996). 
The EU drinking water standard level for Sb is 6 µg/l (98/83/EC). Trivalent (III) and 
pentavalent (V) forms of antimony are the most common in environment. Sb(III) is reported 
to be more toxic than other chemical species of Sb (Filella et al. 2002 and Lahermo et al. 
1996). According to US EPA ambient water quality criteria, acute and chronic antimony 
toxicity to freshwater aquatic life occurs at concentrations of 9 and 1.6 mg/l antimony, 
respectively. Toxicity to algae occurs at concentrations of 610 µg/l. (US EPA 1986). Common 
antimony concentration of Finnish stream sediments is very low, between 0.009-0.13 mg/kg 
(Lahermo et al. 1996).  
2.3.2.2 Metals in aquatic environment 
A major part of the dissolved metal entering rivers is being sorbed onto particulates (e.g. fine 
clay or humic material), or with certain conditions (e.g. high pH), precipitate out. Once the 
metals are associated with the solid phase, they are able to be transported for great distances 
as long as the velocity of the river is high enough to keep it in suspension. (Kelly 1988). This 
means that the elements originating from mining could cause negative impacts to aquatic 
ecosystems within a wide radius. The changes in the flow regime of the river cause 
fluctuation to the concentrations of suspended metals: changes in the flow may lead to 
resuspension of particulate matter. Thus, at low flow rate, the sediments and benthos may 
contain higher metal concentrations. The sediment and benthos may also act as sinks by 
sorbing metals from the water. (Kelly 1988). 
As rivers enter lakes, the velocity decreases possibly resulting in deposition of suspended 
solids. This could lead to contamination of bottom sediments even distances away 
downstream from the pollution source. (Kelly 1988). Some direct absorption to sediment may 
occur if the lake is shallow or is not thermally stratified. Insoluble metal sulfides may form 
under anaerobic and reducing conditions (e.g. during winter or summer stratification), which 
enhances the loss of metals from the water to the sediment as sulfides. (Kelly 1988). This is 
an important process of mine water purification using wetlands (Kytö and Räisänen 2002). 
Plankton has been shown to have an important role in transporting some metals from 
sediments to water column. However, the metals are subsequently returned to sediment as the 
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plankton bloom crashes. Pathways from sediment back to the water also include uptake by 
macrophyte roots and along food chain from sediment invertebrates, which often ingest large 
amounts of mineral material. (Kelly 1988). The internal pathways of metal cycling in lakes 
including food chains and chemical pathways are represented in Figure 3. 
 
Figure 3: Representation of the internal pathways of metal cycling in lakes. Dashed lines 
represent food chains and solid lines chemical pathways. (Modified from Kelly 1988). 
Nickel (Ni) is a nutritionally essential trace metal for several animal, micro-organism and 
plant species. Therefore either deficiency or toxicity symptoms can occur if too little or much 
Ni is taken up. According to Cempel and Nikel (2006), Ni is easily accumulated in the biota, 
especially in the phytoplankton and other aquatic plants. (Cempel and Nikel 2006).  In 
contrast, the EU Risk Assessment Report on nickel and its compounds concluded that the 
bioaccumulation factors of Ni are generally low (EU Risk Assessment 2008). Sedimentation 
of Ni occurs through precipitation, complexation and adsorption on clay particles as well as 
via uptake by biota. (Cempel and Nikel 2006). According to US EPA Quality Criteria for 
Water (1986), the toxicity of nickel in freshwater ecosystem depends on the hardness of the 
water: the higher the hardness, the higher the guideline criteria for maximum no-effect nickel 
concentration. For example, at hardnesses of 50, 100 and 200 mg/l CaCO3, the water 
guideline criteria are 56, 96 and 160 µg/l total recoverable nickel, respectively, as a 24-hour 
average. (US EPA 1986). CaCO3 concentration of the water also describes its alkalinity. 
However, according to the National Recommended Water Quality Criteria for aquatic life (US 
EPA 2015a), the current criteria for nickel at hardness of 100 mg/l CaCO3 is 52 µg/l (chronic) 
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and 470 µg/l (acute). The Finnish guideline limit for nickel in freshwater is 21 µg/l without 
definition of water hardness (VNA 1022/2006). The nickel content of Finnish stream 
sediments is commonly 6-40 mg/kg (Lahermo et al. 1996).  
Iron (Fe) is relatively most abundant in oxide- and sulphide minerals. The transportation of Fe 
in water is affected especially by its complexation with humic substances. This can be 
observed from the high iron content of waters that are high in humus: the spatial distributions 
of Fe are almost identical with the distributions of water color indicating iron being bind to 
humus. The guideline concentration for Fe is 1000 µg/l according to US guidelines (US EPA 
2015a). Common concentrations of Fe in Finnish stream sediments are 1-7.5 %, i.e. 10000-
75000 mg/kg. (Lahermo et al. 1996). 
Aluminum (Al) is the most common metal of the mineral environment and one of the most 
hazardous elements of acidic natural waters. However, its concentrations are usually low in 
natural waters. Al is present in various organic and inorganic chemical forms in the natural 
environment. The mobility of Al and the buffering properties of the water are dependent of 
the chemical form of aluminum in the water. Al  complexed with humus is less hazardous 
than monomeric Al. Guideline concentration for Al is 87 µg/l in US guidelines for fresh water 
(pH 6.5-9.0) (US EPA 2015a). Common Al concentration of Finnish stream sediments is 0.7-
3 %, i.e. 7000-30000 mg/kg. (Lahermo et al. 1996). 
2.3.2.3 Chlorine, nitrogen and sulphate in aquatic environment 
Chloride (Cl
-
) is widely distributed in nature and is generally in the form of sodium (NaCl) 
and potassium (KCl) salts. In freshwater the natural background concentrations of chloride 
range from 1 to 100 mg/l. Chloride is an essential element for both aquatic and terrestrial 
organisms. However, elevated or fluctuating concentrations of chloride can be detrimental: 
elevated chloride levels in water can disrupt the osmoregulation of aquatic organisms causing 
adverse effects on survival, growth and/or reproduction. (Nagpal et al. 2003). According to 
the Canadian Ambient Water Quality Guidelines (CCME 2014), the level of chloride (as 
NaCl) should not exceed 150 mg/l to protect aquatic life from chronic effects. The safe level 
for acute effects is below 600 mg/l NaCl. (CCME 2014). The guideline concentration for 
chloride (Cl
-
) is set 230 mg/l and for chlorine (Cl) (chronic) is set 11 µg/l in US EPA 
guidelines (US EPA 2015a). 
Total residual chlorine (TRC) includes all forms of chlorine that are able to act as an oxidant. 
It is the sum of free Cl and the combined available Cl. In Canadian water quality guidelines 
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(Sinlgeton 1989) the threshold for chronic freshwater aquatic toxicity is set 2 µg/l TRC. The 
maximum TRC concentration should not exceed 100 µg/l regardless of the exposure period. 
(Sinlgeton 1989). 
In natural water systems, nitrite (NO2
-
) is formed by the complete oxidation of ammonium 
ions (NH4
+
) by microorganisms. In oxygenated waters nitrite is rapidly oxidized to nitrate 
(NO3
-
). Nitrate and ammonium are assimilated by growing plants. When nitrate-containing 
environment becomes anaerobic, denitrification takes place converting NO3
-
 to NO2
-
. 
Ammonium ions may be produced in some circumstances as well. (US EPA 1986).  
According to Canadian water guideline criteria (CCME 2014), the nitrate level to protect 
freshwater aquatic life is below 3 mg/l NO3
-
 (chronic) and the maximum concentration is 32.8 
mg/l NO3
-
 (acute). For nitrite, the concentration should not exceed 20 µg/l (as N) for low 
chloride water (<2 mg/l chloride) for chronic toxicity and 60 µg/l (as N) for low chloride 
water for acute toxicity. The maximum ammonia (NH3) concentration for protecting aquatic 
life depends on water pH and temperature. For example in neutral water (pH 7) and 
temperature 10 °C, the level of ammonia should not exceed 20.5 mg/l (as N) (acute toxicity). 
If the temperature should increase to 15 °C, the level of ammonia should be less than 19.7 
mg/l (as N). Furthermore, the protective levels of chronic ammonia toxicity are for pH 7 and 
temperature 10 °C 1.84 mg/l (as N) and in 15 °C 1.77 mg/l (as N). (CCME 2014). 
Sulphate (SO4
-
) is a salt of sulphuric acid. Sulphate is considered as potentially harmful 
contaminant in freshwater environments. Sulphur goes through various forms depending on 
the current environmental conditions. Under reductive conditions dissolved sulphate can be 
reduced to sulphite (SO3
2-
) and further to tiosulphate (S2O3
2-
), elemental sulphur and 
ultimately volatilized to air as hydrogen sulphide (H2S). Sulphate reacts with other elements 
producing various salts with a range of chemical characteristics. For example, sodium, 
potassium and magnesium sulphates are readily soluble to water, whereas calcium, barium 
and heavy metal sulphates are not. (Meays and Nordin 2013). 
Canadian water quality guideline criteria define guideline values to sulphate according to 
water hardness, or alkalinity (CaCO3 concentration). The long-term average of freshwater 
total SO4
2-
 -level should not exceed 128, 218, 309 and 429 mg/l for very soft (0-30), soft to 
moderately soft (31-75), moderately soft to hard (76-180) and very hard water (181-250 mg/l 
CaCO3), respectively. (CCME 2014). In other words, the softer the water, the more toxic 
sulphate is for aquatic organisms. There are no Finnish sulphate guideline values for natural 
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waters. However, the Finnish drinking water guideline limit is 250 mg SO4/l. (STM 
461/2000). 
Recent research suggests that elevated sulphate concentrations may increase phosphorus (P) 
availability and mobility in sediment and susceptibility to eutrophication and mercury 
mobilization through methylation. This occurs because bacteria of the sulphur cycle are very 
important in P mobilization. (Meays and Nordin 2013). 
2.3.2.4 Magnesium, calcium, sodium and potassium 
The calcium-magnesium ratio in natural waters has been found to influence the toxicity of 
sulphate to aquatic organisms in a study by Davies and Hall (2007). The studied species 
consisted of two invertebrate species: Hylella azteca and Daphnia magna. The results indicate 
that as the water hardness and Ca:Mg ratio increase, also the LC50s for the studied species 
significantly increased. (Davies and Hall 2007). In other words, the toxicity of sulphate is 
lower in waters with higher hardness and Ca:Mg ratio. For example, the LC50s for H. azteca 
increased more than 9 fold fold with a 10 fold change in water hardness (from 25 to 250 
mg/l). Furthermore, modifying the Ca:Mg ratio from 0.7 to 7.0 at constant hardness of 100 
mg/l increased the LC50s from 2101 to 2725 mg/l. Similar impacts on D. magna population 
were observed. (Davies and Hall 2007). 
Magnesium sulphate (MgSO4) is a common contaminant in mine effluent, typically derived 
from accelerated oxidation of sulphides and subsequent dissolution of Mg minerals. In a study 
by van Dam et al. (2010), it was found that magnesium is a much more toxic ion to freshwater 
species, especially in waters with low ionic concentration, than SO4. In this study, chronic 
IC50 values for magnesium for Lemna aequinoctialis, Hydra viridissima and Amerianna 
cumingi were 4.4, 11 and 13 mg/l Mg, respectively. These values are at least a magnitude 
lower than toxicity values reported in literature for most other species. Similar findings of 
significantly lower IC50s compared to results from previous studies were made for other taxa 
as well. (van Dam et al. 2010). The higher toxicity of Mg in this study is suggested to be due 
to very low concentrations of Ca and other major cations in water of the studied site (Ca:Mg 
ratio of 1:9 or about 0.1). Increasing Ca concentration in study site resulted in reduction in Mg 
toxicity for most species assessed. Mg toxicity appears to be highly related to its interactions 
with Ca. (van Dam et al. 2010). 
The typical concentration of Ca in stream sediments is 0.3-1 %, i.e. 3000-10000 mg/kg. In 
Finnish stream waters, the Ca concentrations are typically 1.7-18 mg/l. Typical Mg 
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concentrations in Finnish stream sediments are 0.14-0.9 %, i.e. 1400-9000 mg/kg and in 
stream waters 0.6-7 mg/l. Typical Na concentrations in Finnish stream sediments are 130-550 
mg/kg and stream waters 1.3-14 mg/l. Typical K concentrations of Finnish stream sediments 
are 500-7000 mg/kg and stream waters 0.24-4 mg/l. (Lahermo et al. 1996). 
2.4 PRINCIPLES OF ECOLOGICAL RISK ASSESSMENT 
According to the definition by Norton et al. (1992), ecological risk assessments evaluate the 
probability of adverse ecological effects occurring as a result of exposure to anthropogenic 
stressors (Norton et al. 1992). The term stressor includes any chemical, physical, or biological 
entity that is possible to induce adverse effects on ecological components: individuals, 
populations, communities or ecosystems. Adverse ecological effects comprise a variety of 
disturbances ranging from mortality of an individual organism to a loss in ecosystem function. 
Thus, the ecological risk assessment process has to be flexible as well as to provide a logical 
and scientific structure to accommodate the broad range of stressors and ecological 
components. (Norton et al. 1992). According to Suter II (2007) risk assessment is not science 
in a conventional sense, but it uses scientific knowledge and tools to generate information for 
a specific purpose.  
Ecological risk may be expressed as a true probabilistic estimate of the risk, or in 
deterministic or even qualitative in nature (Norton et al. 1992) i.e. as a number expressing the 
probability of the undesirable event or in a descriptive way. In cases of latter, the likelihood of 
adverse ecological effects is expressed by a semi-quantitative or qualitative comparison of 
effects and exposure. The appropriate application of ecological risk assessment helps in 
decision-making, i.e. focusing environmental protection resources at the problems and 
geographical areas posing the biggest risks (Norton et al. 1992 and Suter II 2007). 
Ecological risk assessment can be used as a part of a broader concept of environmental risk 
assessment. In environmental risk assessment the same stressors’ effects towards nature, 
especially animals and plants, as well as on human health are assessed (Komulainen 2013) 
and (Suter II 2007). The environmental risk assessment of a mine should continue through 
different phases of the mining life cycle: at the best, risk assessment is a tool in continuous 
use and it can be utilized in management of the mining actions. In the planning phase it is 
essential to perceive the nature and quantity of the emissions, name the potentially harmful 
emissions and assess their spreading in the environment. Thus, the potential environmental 
and health risks can be determined based on the available data. (Komulainen 2013). The risk 
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assessment should be conducted well in advance of the environmental impact assessment and 
permits and licenses application procedures (Karjalainen 2013).  During the production phase 
the types of emissions are already known and there are monitoring data available of the 
quality and quantity of the emissions (Komulainen 2013). Hence, monitoring data may reveal 
trends that confirm the broad benefits of environmental regulation and management, or on the 
other hand, reveal their failings (Suter II 2007). 
One example of the process of ecological risk assessment comprises four phases: 1) Hazard 
identification 2) determination of predicted no effects concentration (PNEC) 3) determination 
of predicted environmental concentration (PEC) and 4) comparison of the previous two in 
order to characterize the risk and further to determine the safe margin between exposure and 
hazardous concentration (Du et al. 2015 and Makkonen 2013). The hazard identification 
phase includes comparing current concentrations to Environmental quality standards and 
threshold- and guideline values. If a hazard is identified, the risk assessment proceeds to 
assessment and characterization of ecological risks. This phase comprises of estimation of 
incidence and severity of adverse effects possibly occurring in an environmental compartment 
due to actual or predicted exposure to a substance. (Makkonen 2013). The risk 
characterization process is illustrated in Figure 4.  
 
 
Figure 4: The risk characterization ratio (RCR) is derived by comparing the PEC to PNEC. 
(Modified from Makkonen 2013).  
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2.4.1 Use of PNEC-values in ecological risk assessment 
If the ecological risk assessment is applied to chemical exposure, the assessment is based on 
comparing the exposure and sensitivity of the ecosystem to a chemical. The exposure is 
presented by the Predicted Environmental Concentration (PEC). This information can be 
gained through actual field measurements, for example monitoring data, or modeling. The 
toxicity threshold, predicted No Effect Concentration (PNEC), represents the sensitivity of the 
ecosystem. PNEC is usually derived from standardized toxicity tests. (ERMS 2005). The 
comparison of PEC and PNEC is described as a general tool for environmental risk 
assessment in the EU Technical Guidance Document (TGD) on Risk Assessment (EC 2003). 
PEC/PNEC –ratio describes the relation between exposure and effects. If the PEC/PNEC –
ratio is higher than 1, unacceptable effects are likely to occur on the organisms. Furthermore, 
the higher the PEC/PNEC –ratio, the more likely are the harmful effects. In other words, the 
PEC/PNEC –ratio indicates the likelihood of the negative impacts, but no characterization of 
the extent of the effects. (ERMS 2005). 
There are two ways to estimate the PNEC value presented in the TGD: making use of 
assessment factors (AF) or to use a Species Sensitivity Distribution (SSD). If there is not a lot, 
generally less than 10 datasets, or only short-term toxicity data available, the AF method is 
more commonly used (Du et al. 2015). The objective of using AFs is to predict a 
concentration below which an unacceptable affect is not likely to occur. In establishing the 
assessment factors, single-species short-term laboratory data is extrapolated to a multi-species 
ecosystem. (EC 2003).  This means that a number of uncertainties must be addressed: 
interspecies variation, short-term to long-term toxicity extrapolation and laboratory data to 
field impact extrapolation. (EcRi 2015). The magnitude of the AF is dependent on the 
confidence with which a PNEC can be derived from the available data. (EC 2003).  That is, 
the less confident the PNEC, the higher the AF. However, the selection of an appropriate AF 
is relatively arbitrary, although the selection is very crucial for the resulting PNEC (Du et al. 
2015). The principles for choosing the AFs in order to derive PNECaquatic values are 
represented in Table 1 (EC 2003 and Du et al. 2015).  
  
34 
 
 
Table 1: Assessment factors to derive a PNECaquatic. Table redrawn according to EU TGD 
(EMRS 2005). 
Existing toxicity data Assessment factor 
At minimum 1 short-term LC/EC50 from each of 3 trophic levels of the 
base-set (fish, daphnia and algae) 
 1000 
1 long-term NOEC (either fish or Daphnia) 100 
2 long-term NOECs from species representing 2 trophic levels (fish 
and/or Daphnia and/or algae) 
50 
Long-term NOECs from at least 3 species representing 3 trophic levels 10 
Field data or model ecosystem 
Reviewed on a case-
by-case basis 
 
The PNEC is calculated by dividing the lowest LC50/EC50 (medial lethal or effective 
concentration) or NOEC (no observable effect concentration) for three trophic groups of 
(here) aquatic organisms by the appropriate AF according to following equation (Du et al. 
2015): 
PNEC (mg/kg dw) = NOEC (EC50, or LC50)lowest (mg/kg) / AF  (2) 
 
Figure 5: Estimating the PNEC from a SSD based on chronic NOECs (ERMS 2005).  
For SSD-based derivation of PNEC, the concentration corresponding with the point in the 
SSD profile below which 5 % of the species occur should be derived as an intermediate value. 
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The determining of PNEC based on SSD is presented in the Figure 5. A 50 % confidence 
interval (c.i.) associated with this concentration should also be derived. See chapter 2.4.2 on 
SSD. The calculation of SSD derived PNEC is according to following equation (ERMS 
2005). 
PNEC = 5 % SSD (50 % c.i.)    (3)  
2.4.2 Species Sensitivity Distributions in ecological risk assessment 
Concentration-effect data in ecological risk assessment originates usually from single-species 
toxicity tests that measure effects to individual organisms. However, the entities to be 
protected are generally populations, communities and ecosystems. Species Sensitivity 
Distribution (SSD) methods assemble single-species toxicity data to predict hazardous 
concentrations (HC) that affect a certain percentage of species in a community. (Newman et 
al. 2000). The method was first proposed in 1987 and later improved in subsequent studies 
(Du et al. 2015). Single-species data, including e.g. median lethal concentration (LC50), 
concentration, on which effects occur on 10 % or individuals (EC10) or no-observed-effect 
concentration (NOEC) values, for several species are fit to a distribution such as the 
lognormal. Hazardous concentration is identified from this distribution of species sensitivities, 
at which a certain percentage of all species is assumed to be affected. (Newman et al. 2000). 
SSD is a statistical extrapolation method that utilizes the different species’ sensitivities to a 
chemical or a group of chemicals in order to derive a PNEC (Predicted no effect 
concentration). The PNEC-value can be derived from the SSD based on reliable available 
NOECs from chronic/long-term (No observed effect concentration) using a criterion level, 
which is usually 5 % (HC5) (Du et al. 2015). Based on this, 95 % of the species are protected 
according to the used dataset. 
The minimum species requirements for the SSD method are: 1) fish, 2) a second family in the 
phylum Chordata (fish, amphibian etc.), 3) a crustacean (e.g. cladoceran, copepod, ostracod 
tec.), 4) an insect (e.g. mayfly, dragonfly, midge etc.), 5) a family in a phylum other than 
Arthropoda or Chordata (e.g. Rotifera, Annelida, Mollusca etc.), 6) a family in any order of 
insect or any phylum not already represented, 7) algae and 8) higher plants. A PNEC 
associated with confidence is derived by statistical extrapolation of a database containing at 
least 10 NOECs and more preferably more than 15 for different species covering at least 8 
taxonomic groups. Deviations from these recommendations are possible to be made on a case-
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by-case basis considering sensitive endpoints, sensitive species, and mode of toxic action 
and/or knowledge from structure-activity considerations. (EC 2003). 
2.4.3 Different compartments in ecological risk assessment  
Most of the funds and effort on studies of contaminated sites are devoted to the collection and 
analysis of the abiotic media: in case of aquatic ecological risk assessment, water and 
sediment (Suter II 2007). Water has many properties which affect the behavior of substances, 
for example the natural impurities of surface waters (EcRi 2015). In addition to contaminant 
concentrations, analyses must be performed of the physical and chemical characteristics of the 
tested media that influence toxicity. This is of particular importance if toxicity tests of the 
ambient media are performed, as the media might be unsuitable for the test organisms due to 
its basic properties. These factors include redox potential, hardness, pH, temperature, 
dissolved organic carbon (DOC) and humic substances concentration. (Suter II 2007). 
Sediments are important in ecological risk assessment because they act as a repository for 
persistent hydrophobic elements and often metals. Because of this, sediments can act as a 
contamination source after the pollution incident, in case the elements are bioavailable. (EcRi 
2015a). Sediment quality guidelines (SQGs) have been developed to define the relationship 
between sediment chemistry and toxicity. (Wenning et al. 2002). However, considering 
metals, the SQGs mainly include total concentrations. They are intended to be either 
protective of biological resources or predictive of adverse effects to them, or both. Chemically 
based numeric SQGs can be affective in identifying concentration ranges in which adverse 
biological effects are unlikely, uncertain, and likely to occur. For a sediment assessment, at 
least following aspects should be found out: sediment contaminant chemistry, benthic 
invertebrate community structure and sediment toxicity. (Wenning et al. 2002). 
Bioaccumulation and biomagnification data are more easily applied to organic compounds 
than metals. Sediment samples should be taken to a depth that is relevant to the organisms, 
usually a few centimeters (Suter II 2007). 
 Benthic invertebrates, being prey for fishes, are probably the main route for hydrophobic 
contaminants to access the food web. (EcRi 2015a). Different pathways of exposure to 
sediment-associated contaminants to benthic organisms include pore water, food particles 
(including prey organisms from oxic and anoxic sediments) and overlying water. The relative 
importance of these sources depend on the feeding, burrowing and irrigating behavior of the 
organisms. (Batley et al. 2002). 
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The properties of the sediment have a strong influence on the distribution of chemicals in 
sediments: the size of the sediment particles influences the amount of binding sites for 
chemicals. Fine sediments are often those containing the highest concentrations of 
contaminants (EcRi 2015a and Batley et al. 2002). Grain size also often defines if sediment is 
a good habitat. (Batley et al. 2002). Other physical and chemical characteristics of the 
sediment influencing its toxicity include total organic carbon, dissolved oxygen and pH (Suter 
II 2007). Inorganic matter (e.g. clay) has ionic properties which can improve the sorption of 
ionic chemicals, such as metals and organometals. Furthermore, organic matter in sediment 
sorbs organic chemicals and metals. (EcRi 2015a). The oxygen gradient along with other 
reactions lead to vertical zonation of sediments and pore waters in terms of pH, redox 
potential and various chemical species. Furthermore, also horizontal heterogeneity of 
sediments considering metal concentrations and oxygen content has been found especially in 
rivers and estuaries. (Batley et al. 2002). 
There are no Finnish SQGs available. However, criteria for some contaminants can be found 
for example from Swedish and Canadian environmental quality criteria. In Swedish 
guidelines, the contamination rate is divided to five classes from very low concentrations 
(class 1) to very high concentrations (class 5). The classes 1-3 represent 95 % of the levels 
recorded in the background data and above these concentrations, a follow-up biological 
examination is recommended, while 4 and 5 represent areas with an exceptional local load. 
Class 1 is the general level of no or very slight risk of biological effects, class 2 the level of 
slight risk, class 3 the level with which effects may occur and classes and 5 the level with 
growing risk of biological effects. For nickel the class 2 (low concentrations) is 5-15 mg/kg of 
dry soil (ds) and class 3 (moderately high concentrations) is 15-50 mg/kg ds. For arsenic, 
class 2 concentrations are between 5-10 mg/kg ds and class 3, 10-30 mg/kg ds. 30-150 
represent high and over 150 mg/kg concentrations very high load. (Swedish EPA 2000). In 
Canadian freshwater sediment guidelines the criteria for arsenic is 5.9 mg/kg ds and the 
Probable effect level is 17.0 mg/kg ds (CCME 2014). For antimony, in the Sediment quality 
guidelines of Wisconsin (US), the threshold value (toxicity to benthic organisms unlikely) is 
set 2 mg/kg, midpoint effect concentration 13.5 mg/kg and the probable effect concentration 
of sediment 25 mg/kg (WNR 2003). 
There are some Finnish guidelines set in Government Decree on the Assessment of Soil 
Contamination and Remediation Needs (214/2007) as well as in the Environmental ministry 
guide for sediment dredging and the placement of dredging material (YM 2004). Either of 
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these set of guidelines are not meant to be used in sediment risk assessment, but they might 
give some insight of possibly hazardous concentrations. In the decree of soil contamination, 
the threshold value for antimony is 2 mg/kg ds, for arsenic 5 mg/kg sd, and for nickel 50 
mg/kg ds (214/2007). In the guide for sediment dredging and banking, the criteria are given 
for non-hazardous dredging material (Level 1) and contaminated material (Level 2). For 
nickel the Level 1 value is 45 mg/kg ds and Level 2, 60 mg/kg ds. For arsenic the Level 1 
value is 15 mg/kg ds and Level 2, 60 mg/kg ds. Concentrations between these two levels are 
considered potentially contaminated. (YM 2004).  
2.4.4 Taxonomy in ecological risk assessment 
The European Water Framework Directive (2000) obligates all EU countries to perform water 
quality assessment based on biological, physical-chemical and hydromorphological elements 
(2000/60/EC). The biological monitoring comprises of the fish fauna and macrophytes, 
macroinvertebrates and diatoms. (De Jonge et al. 2008). In running waters, most taxa are 
benthic and therefore related to the sediment, hence being potential bioindicators of the 
sediment quality. Due to their strong adsorption capacity for pollutants, the contamination of 
river sediments is often greater than within the water column. (Pallottini et al. 2015). Hence, 
the presence or absence of sensitive or tolerant benthos groups and the benthic communities’ 
composition are considered also as excellent water quality indicators (Hickey and Clements 
1998). However, identifying the effects of different elements on invertebrate community 
structure is challenging because of the spatial variation of various physiochemical factors 
(Pallottini et al. 2015). 
The EU Water Framework Directive (2000) requires all EU countries to monitor the quality 
of their water systems not only via physical, chemical and hydro morphological properties, 
but also on the basis of the aquatic organism communities. The directive applies a reference 
condition approach to the ecological classification of the water systems. (2000/60/EC). 
One general indicator of stream integrity has been proposed to be the EPT index, i.e. the 
number of taxa in the orders Ephemeroptera (mayflies), Plecoptera (stoneflies) and 
Trichoptera (caddisflies) (Hickey and Clements 1998). In general, stoneflies are predators, 
mayflies are scrapers or collectors and caddisflies are scrappers, collectors, or shredders (WSI 
2000). These orders are common in the benthic macroinvertebrate community and have been 
observed to be sensitive to several anthropogenic disturbances, such as nutrients and organic 
enrichment (WSI 2000 and Hickey and Clements 1998). The EPT index method uses a rapid 
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sampling technique to determine between-site differences in water quality, and “emergency” 
sampling in cases where rapid assessment of pills and discharges are needed. A kick – or 
dipnet sampling methods are applicable. The EPT index is based on the premise that streams 
with high water quality usually have the greatest species richness. In other words, the ETP 
index should increase with improving water quality. It is calculate simply as the sum of the 
number of species in these species groups. (WSI 2000). Interpretation of the EPT index is 
done according to Table 1 by WSI 2000 from excellent to poor quality of water. 
Table 2: Example of ETP index ranges and their corresponding water quality ratings (WSI 
2000). 
Rating Excellent Good Good-fair Fair Poor 
ETP <27 21–27 14–20 7–13 0–6 
 
Another method to describe a community structure is to use a diversity index. In Swedish 
environmental quality criteria, Shannon-Wiener’s index is one of the described indices to 
assess the current conditions. The index is calculated as follows (Swedish EPA 2000): 
                       (4) 
where: 
H = the Shannon diversity index 
Pi = fraction of the entire population made up of species i 
S = numbers of species encountered 
∑ = sum from species 1 to species S 
 
According to Swedish environmental quality criteria for lakes and watercourses, the reference 
Shannon-Wiener’s diversity index value for Northern boreal geographic region is 2.65 
(Swedish EPA 2000). General interpretation for index values of riffle areas is described in 
Table 3 (according to Swedish EPA).  
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Table 3: Interpretation of Shannon-Wiener’s diversity index (Swedish EPA 2000). 
 
 
 
 
Some predictable patterns in community composition have been observed in metal-polluted 
streams: Highly impacted streams are generally low in species richness, the abundance of 
metal-sensitive mayflies has reduced and the community is dominated by metal-tolerant 
orthoclad chironomids (i.e. nonbiting midges, in the order of Diptera). Moderately polluted 
streams have often increased abundance of caddisflies (i.e. Trichoptera). (Hickey and 
Clements 1998). Empirical evidence suggests that elevated nutrient concentration induced 
increase in primary productivity causes unimodal, i.e. “hump-shaped”, pattern in species 
richness. The highest species richness are found in water systems with not extremely low or 
high primary productivity. (Dodson et al. 2000 and Pallottini et al. 2015).  
Several factors are suggested to explain the decline in species richness at high productivity. 
According to Dodson et al. (2000), in lakes, the mechanism is possibly competition, at least in 
the short term and for certain taxa. Further explanatory causes might be predation and abiotic 
factors, for example reduced oxygen concentrations during night time (Dodson et al. 2000). 
Predation is expected to increase along a productivity gradient. The coexistence of prey 
communities and those not vulnerable for predation are predicted to occur due to predation in 
intermediate productivity levels enabling inferior competitors to persist. It is observed, that 
macrophyte species richness generally peaks at a higher productivity level than the richness of 
phytoplankton. (Dodson et al. 2000). 
In addition to the sensitive macroinvertebrate community groups of Ephemeroptera, 
Trichoptera and Plecoptera, diatom communities are also strongly influenced be the presence 
of elevated metal levels (De Jonge et al. 2008). Seasonal variation is generally less 
pronounced within diatoms compared to invertebrate species as metal pollution has found to 
induce an apparent change in diatom community structure. (De Jonge et al. 2008). 
  
Class Index Shannon-Wiener 
1 Very high >3.71 
2 High 2.97–3.71 
3 Moderately high 2.22–2.97 
4 Low 1.48–2.22 
5 Very low <1.48 
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3. AIM OF RESEARCH 
The aim of this research is to assess the usability of ecological risk assessment for improving 
water management strategies of gold mining. The hypothesis is that the results of ecological 
risk assessment could be used by, for example environmental permit authorities in setting 
permit regulations, and on the other hand by the mining companies in planning of water 
management systems. 
The case study of ecological risk assessment of Kittilä gold mine is done to discover the 
possible ecological impacts of the mine discharge waters on the receiving rivers. The goal is 
that the produced information could be used to predict the future impacts on the rivers after 
the mine expansion is conducted, and new permit regulation limits for water discharge are set. 
Aim is to find out how the mine water management should be developed to avoid adverse 
ecological impacts, and give recommendations if possible. 
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4. MATERIALS AND METHODS 
4.1 CASE STUDY: ECOLOGICAL RISK ASSESSMENT OF KITTILÄ MINE 
The mining site is located in Lapland, Northern Finland, in Kittilä municipality. The gold 
deposit of Suurikuusikko is situated approximately 35 km north-east from Kittilä municipal 
centre. The surrounding area is sparsely populated countryside where the 3 nearest villages 
(Rouravaara, Lintula and Kiistala) are located within 0.8-5 km distance from the mining site. 
(AVI 2013b). Kittilä gold mine is owned by the Canadian company Agnico Eagle. It is the 
largest gold mine in Europe. Approximately 1.1 million tons of ore is mined annually and 
annual gold production is more than 5000 kg. (AVI 2013b). The location of the Kittilä gold 
mine on the map of Finland and the locations different mining operations and treatment 
wetlands at the surroundings of the mining site are presented in Figure 6. 
 
Figure 6: Location of Kittilä mine on the map of Finland (small picture) and mining 
operations and locations of treatment wetlands at the Kittilä mine site. Basemaps: © National 
Land Survey of Finland. 
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The mining started in 2008 with two open pits, Suurikuusikko and Roura and production 
begun in 2009. Underground mining started in October 2010. Currently Kittilä is solely an 
underground mine as open pit mining was quit in 2012. Taken the current ore deposit and 
production volume the mining is expected to continue until 2036. The lifespan of the mine 
can be prolonged from this depending on the results of prospecting for ore. The mine provides 
employment for around 400 own workers and 100 contractors. (Agnico Eagle Finland 2015). 
In 2013 the Regional State Administrative Agency (Aluehallintovirasto, AVI) of Northern 
Finland granted Kittilä gold mine the Environmental permit to expand their mining activities 
from processing 1.1 million tons of ore per year to about 1.6 million tons. This would mean 
increase in annual gold production to 5000–7500 kg. (AVI 2013b). 
4.1.1 Description of the surrounding environment 
The mean temperature of the year is below 0 °C and the area is covered with snow normally 
from October to May. The climate of the mining site is classified as subarctic and the 
vegetation zone is northern boreal. The forest type of the mining area is mainly fresh heath. 
The top parts of Rouravaara and Pikku Rouravaara hills are classified as rather dry heaths. 
(AVI 2013b). 
The Suurikuusikko area is located at Loukinen River catchment which drains to Ounasjoki 
River near Levi fell. The mining site is located at lower reaches of Seurujoki River catchment 
which drains further to Loukinen River. The catchment area of Seurujoki River is ca. 307 
km
2
. Even though the water quality before the Kittilä gold mine started operating was rather 
good, the river was no longer in its natural state because of the scattered loading originating 
from forestry. Results from fishing surveillance show that catch per fisherman is good. Load 
from the mining activities does not seem to have an effect on the results from fishing 
surveillance. According to fishing query the most popular fishing area has been Loukinen and 
the next popular Seurujoki downstream from the mining site. (AVI 2013b). 
The soil at Suurikuusikko and Rouravaara area is glacial till. Open pit area and its 
surroundings consist of mainly 1-2 m of peat and below it 3-6 m of moraine deposition. The 
soil is in general poorly water penetrable. There are no significant or classified groundwater 
deposits located in the mining area. The water of nearby wells has been monitored for several 
years and the quality has remained good. (AVI 2013b). 
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4.1.2 Description of the process 
The ore at Kittilä mine is refractory which means that the gold is locked inside sulphide 
mineral grains. Cyanidation is the only known economically efficient process for extraction of 
such gold. The mineral processing at the Kittilä mine consists of crushing, grinding, flotation, 
pressure oxidation, dissolution and electrowinning. The mineral processing is illustrated in 
Figure 7. (Agnico Eagle Finland 2015). The mineral processing plant consumed around 3 
million m
3
 of water annually before the expansion of the mine. 65 % of this is recycled water 
and the rest, around 1.1 million m
3
 is extracted from Seurujoki River. (AVI 2013b). 
Annually eight kilometers of new tunnel is excavated to supplement the mineral processing 
plant with sufficient ore material. The excavation is filled afterwards with a paste made from 
cement, water and tailings from pond NP3, to ensure safe and efficient mining of surrounding 
ore. Ore is transported up a ramp to the over ground crushing plant by mine trucks. After 
crushing the ore is ground with a semi-autogenous grinding mill. The ground, gold-containing 
sulphide minerals are separated from the other minerals by flotation. (Agnico Eagle Finland 
2015). 
Flotation process is based on the surface activity of minerals: air is blown down to a tank 
filled with ore slurry (flotation cell) and small air bubbles are generated by a mixer. Additives 
attach the desired mineral grains to air bubbles and rise to the surface where the mineral-
containing bubbles can be skimmed off. Remaining mineral grains fall to the bottom of the 
cell and can be pumped out of the final cell as slurry. Flotation is done in several flotation 
cells in certain order where organic carbon (graphite) is removed first and after that gold-
containing sulphide is separated from the remaining slurry. Organic carbon removal is 
important since it can create obstacles in later stages of gold-extraction. The carbon 
concentrate generated in this point is neutralized and pumped into the NP3 tailings 
impoundment. Generated sulphide concentrate is transferred via a concentrate thickener for 
pressure oxidation. Tailings that are left over from the sulphide flotation phase are pumped 
into tailings thickener and into the NP3 tailings impoundment via neutralization. (Agnico 
Eagle Finland 2015). See processing chemicals in use listed in Table 4. 
After flotation, the gold is released from the sulphide minerals by autoclave pressure 
oxidation which is done at high pressure and temperatures about 200 °C. The slurry is 
pumped from one section of the pressure tank (autoclave) to another while it is mixed 
continuously. The sulphide minerals burn and disintegrate as an effect of the oxygen and the 
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gold grains within are revealed. The oxygen required in the process is produced at the oxygen 
plant located at the site. (Agnico Eagle Finland 2015). 
The gold-containing washed concentrate slurry from pressure oxidation is pumped into the 
carbon-in-leach (CIL) circuit where the gold is dissolved by cyanide and adsorbed onto 
activated carbon granules. The CIL circuit consists of several sequential tanks where the 
slurry is mixed and cyanide added to it. As slurry is pumped from one tank to another, 
granular activated carbon is circulated in the opposite direction. Dissolved gold attaches to 
carbon granules which are separated from the slurry by sieving and passed onwards to gold 
recovery. The remaining cyanide-rich slurry is passed to the elimination reactor where 
cyanide is eliminated by chemicals using the INCO method which represents the Best 
Available Technique. After cyanide elimination the slurry is pumped into a separate tailings 
impoundment (CIL pond), from where the water can be channeled back into the process. 
(Agnico Eagle Finland 2015). 
Gold is stripped from the carbon granules by acid and electroplated loosely onto stainless 
steel wool. Gold-bearing sludge is washed from the steel wool and mixed with fluxes before it 
is melted in a furnace to separate the material into nearly pure gold (92-95 %) and slag. 
(Agnico Eagle Finland 2015). 
The chemicals used in the mining process include for example foaming chemicals used in 
mineral processing, pH adjusting chemicals and water treatment chemicals (see Table 4) 
(Pöyry 2009). 
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Table 4: Chemicals used in ore processing at Agnico Eagle Kittilä mine (Pöyry 2009). 
Chemical Chemical formula Use 
foaming chemical MIBC C6H14O foaming 
Xantate PAX C5H11OCS2K foaming chemical 
Sodium isobutyl xantate C5H10OS2Na foaming chemical 
Flocculent  thickening 
Oxygen O2 autoclave 
Hydrated lime Ca(OH)2 neutralization/pH increase 
Burnt lime CaO pH adjust 
Nitric acid HNO3 acid wash 
Lye NaOH pH adjust 
Cyanide CN Gold extraction 
Activated carbon  CIL-circle gold extraction 
Copper sulphate CuSO4 foaming, cyanide elimination 
Metabisulphite SMBS Na2S2O5 cyanide elimination 
Ferrisulphate PIX Fe2(SO4)3 water treatment 
 
4.1.3 Management of mine waters 
The load from Kittilä gold mine drainage waters on the environment have been monitored 
since 2006. The drainage waters contain nitrogen compounds from explosives, antimony, 
arsenic and metals originating from the ore, fine solid matter and sulphate. The electric 
conductivity of the drainage water is about tenfold compared to natural waters because of the 
elevated sulphate content. The quality of the drainage water varies greatly depending on the 
type of rock at the area to be drained. (Pöyry 2012a). 
The process waters and the drainage from the Suurikuusikko and Rouravaara open mines and 
the underground mine are pretreated with ferrisulphate (PIX), which removes suspended 
solids from the water (see Table 4). The drainage water is then piped to the treatment wetland 
3 (TW 3) and further to treatment wetland 1 (TW 1). The size of TW 3 is about 5.5 ha and 
TW 1 17 ha. Process water is discharged to treatment wetland 4 (TW 4). From the treatment 
wetlands the water flows to Seurujoki River. (Pöyry 2012a) (see Figure 8 in chapter 4.2). 
Drainage and process effluent waters are conducted to TWs 1 and 4 at mean rates of 6500 and 
2700 m
3
/d, respectively. Mine waters contain high concentrations of SO4
2-
, N as well as metal 
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and metalloid contaminants including Fe, Mn, As, Sb and Ni. The concentrations of N, P and 
SO4 were detected higher in process effluent discharged to TW 4, while As, Sb and Ni levels 
are higher in drainage waters discharged to TW 1. (Palmer et al. 2015). 
The process water has been monitored since 2010, when the waste waters were started to 
discharge from the neutralization pond (NP3 pond) to treatment wetland 4 and further to 
Seurujoki River (Pöyry 2012a). Most of the mine waters are generated in flotation phase (85 
% of the total process waste water). In the neutralization, the pH is increased with lime which 
enables the metals dissolved in the water to precipitate as hydroxides. Some of the water from 
NP pond is reused as process water and some is channeled into TW 4 and further into the 
nearby Seurujoki River. The planned size of the TW 4 was 44 ha, but the total surface area is 
detected to be around 60 ha, 50 % of which is active flowing area. The cyanide-containing 
water, which counts for 15 % of total process waste water, in the CIL pond is in closed circle 
and never gets into contact with the environment. (Pöyry 2012a). 
In Finland, the treatment wetlands work best during summer when the biological activity is at 
its highest. During flooding, e.g. at spring, the purification capacity is lower and washing of 
nutrients and other contaminants can occur. (Pöyry 2012a) and (Palmer et al. 2015). The 
working time of the treatment wetlands depends on the quantity and quality of water 
channelled to them. Continuous sulphate load could affect the redox potential and pH of the 
treatment wetlands and pose a risk to their functionality. Reductive conditions at the treatment 
wetland together with sulphate load can load to decrease of pH and further to washing of 
cations. (Pöyry 2012a). 
A study by Palmer et al. (2015) was conducted to find out the effectiveness of the treatment 
wetlands in retaining arsenic, antimony and nickel from mine waters at Kittilä gold mine. The 
retention capacity of the TWs was assessed also in the Water discharge report of 2014 by 
Ramboll (2015a). Retention efficiencies for different contaminants differed between TWs 1 
and 4 and also temporally. At the time the study was done, the treatment wetlands had been 
used in waste water purification for six years. It was found that the retention of As, Sb and Ni 
was generally good, up to 95 % but it varied temporally (Palmer et al 2015) and (Ramboll 
2015a). The retentions of nickel and antimony varied a lot between TWs 1 and 4 (see Table 6 
in chapter 4.3.2): For nickel the retention at TW 1 was 5 % and TW 4, 82 %. For antimony 
the retentions for TW 1 and 4 are 14 % and 80 %, respectively. (Ramboll 2015a). The 
retention of iron, manganese and sulphate was less efficient or they were even leaching from 
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the peatland (Palmer et al. 2015) so the retention is negative: -100 %, -38%, and -5 %, 
respectively (Ramboll 2015a). This means that, for example the iron concentration in TW 1 
discharge is double to the water entering the wetland. Furthermore, the retention of iron at 
TW 4 was -548 %, which means that the concentration of iron in TW4 discharge is almost 5.5 
fold in comparison to the entering water. (Ramboll 2015a). Accumulation of elements has 
already or will lead to concentrations exceeding higher guideline values for contaminated 
soils within the following 1-18 years. This indicates that the lifetime of the treatment wetlands 
are limited. There is evidence indicating increased risk of contaminant leaching after mine 
closure. (Palmer et al. 2015). 
The locations of the treatment wetlands are presented in the Figure 6 on chapter 4.1.  
In 2011, the capacity of removal of suspended solid matter from the drainage water before 
discharge to wetlands was considered insufficient. To increase the sedimentation of the 
suspended matter, ferric sulphate and flocculant are added to water (Table 4). Sb has detected 
to partly coprecipitate during sedimentation of suspended matter, so if this became more 
effective, also the Sb load of the discharged water would decrease. Moving to solely 
underground mining has increased the amount of solid matter in the drainage water. (Pöyry 
2012a). 
4.1.4 Emissions to Seurujoki River 
Nitrogen (N) and sulphate (SO4) are significant elements in Kittilä mine waste waters. The N 
load on Seurujoki River originates mainly (2/3 of the total N load) from mine drainage waters 
which are channelled to Seurujoki River through TW 1. The load can be decreased by careful 
consideration of types of used explosives and the way they are used in mining. The explosive 
should be as poorly soluble as possible. If these methods are not enough for decreasing the N 
emission, different types of waste water purification processes, such as aeration or wetlands, 
are considered. (Pöyry 2012a). SO4 load originates mainly from process waste water. SO4 can 
be chemically precipitated with lime or barium salts, first of which is commonly used in mine 
industry. However, lime precipitation has disadvantages of substantial concentration of 
residual SO4 in the treated water and high production of sludge which could cause difficulties 
for storing. Other methods for SO4 removal exist as well, but those are considered too 
complicated and expensive to construct and use. (Pöyry 2012a). 
According to Wilson et al. (2010) it seems that Sb would require even lower pH for its 
adsorption than As. This could explain the Sb load on Seurujoki River (c.f. Wilson et al. 
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2010). The concentrations of ammonium nitrogen and SO4 in Seurujoki River are expected to 
increase as the expansion is carried out. (Pöyry 2012a). Also the discharge of Sb is expected 
to increase (AVI 2013b). 
The current and proposed future (new environmental permit after mine expansion) 
environmental permit regulations for mine effluents are presented in Table 5. The total 
inorganic nitrogen includes ammonium, nitrate and nitrite. The limit concentrations are set in 
the expansion environmental permit decision (AVI 2013b). In this new environmental permit 
the limit for SO4 is set 2000 mg/l. However, this limit is not yet legally valid, since the 
decision for the permit limit is pending in Administrative Court. In the current environmental 
permit there is no set limit for SO4. The presented limits are for monthly average 
concentrations for water that is discharged to the TWs. The concentration of As in an 
individual sample is not to exceed 1 mg/l or the Ni or Sb concentration 0.8 mg/l. (AVI 
2013b). 
Table 5: Current and after expansion environmental permit limits for mine effluent (AVI 
2013b) ja (AVI 2010). The new limit for SO4 is proposed to be 2000 mg/l and 1000 mg/l from 
2017 onwards. 
 Ni 
(mg/l) 
As 
(mg/l) 
Sb 
(mg/l) 
SO4 
(mg/l) 
Total inorganic N 
(mg/l) 
Current limit (monthly 
average) 
0.5 1.0 0.5 - - 
Limit after expansion 0.3 0.5 0.5 2000 30 
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Figure 7: Kittilä gold mine mineral processing plant flowsheet
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4.2 APPLIED DATA 
The data applied in this study includes both existing data and data gained through sampling. 
The existing data comprises the annual environmental reports of water discharge (2006 - 
2014) and benthic fauna observation reporting done approximately every two years (2006, 
2009, 2011 and 2014). These data are gained from the Kittilä gold mine (Agnico Eagle 
Finland Oy). The reporting is done by various consult companies: Lapin Vesitutkimus Oy, 
Pöyry Finland Oy, WSP Environmental and Ramboll (LVT 2007), (Pöyry 2008, 2009, 2011, 
2012b and 2013), (WSP Environmental 2010) and (Ramboll 2014 and 2015b), respectively. 
The environmental sampling conducted for this study included water, benthic fauna, and 
sediment samples taken from Seurujoki River, upstream and downstream from the mining site 
as well as from Loukinen River, downstream from the mining site. The Figures 9 and 10 
present both sample points from the water monitoring of the mine (AEF) and the sampling 
done for this research (GTK). The chart of water flows and sampling points is presented in 
Figure 8 (modified from Hämäläinen 2015). See also Figure 7 of the Kittilä gold mine mineral 
processing plant flowsheet.  
In Figure 8, the points of background samples (Hakokodanmaa, Talvitienmukka, Vientola and 
Kielisenkuusikko) are presented with grey color and other sample points with red. From TW 
4, some water will flow also to sample point Kolvakoski, especially during spring floods. This 
point is presented in purple. The discharge from TW 4 is generally via one ditch, unlike from 
TW 1, from with the water is discharged via several small ditches spread over a larger area. 
The distance to previous sample point upstream is in brackets. The total distance between 
Hakokodanmaa and Mesiniemi is about 19 km, and between Hakokodanmaa and 
Kairosenniva 30 km, following the river. Distance between Vientola and Kairosenniva is 
about 15 km. The number of water samples was 15, benthic fauna samples 10 and sediment 
samples 9. The points of collecting sediment samples were determined by occurrence of 
sediment in the river basin. In the Figure 9 are presented the northern sample points and in the 
Figure 10 the southern. The names of the sample points marked by number are given in the 
map. 
The water and benthos sampling of GTK and AEF are mainly done at the same points 
(Figures 9 and 10). There are three water sample points of AEF that are not around Seurujoki 
or Loukinen Rivers: Suurikuusikonoja, Ketolanoja and Leppäjoki. This study concentrates on 
the ecological effects on the Seurujoki and Loukinen Rivers, which is why these points are 
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left out from sampling. There is no water sampling of GTK’s at Ukonniva sample point of 
Seurujoki. There are small distances between the AEF and GTK sampling points of Vientola 
and Kairosenniva. There is also a slight variation in the exact sites of benthos sampling of 
AEF and GTK.  
 
Figure 8: Chart of water flows of Kittilä gold mine and sampling points at Seurujoki and 
Loukinen Rivers. Distances to previous sampling point in brackets. (Modified from 
Hämäläinen 2015). 
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Figure 9: Benthos, sediment and water sample points of Agnico Eagle Kittilä Mine (AEF) and 
Geological Survey of Finland (GTK) close to the mine site. Basemaps: © National Land 
Survey of Finland 
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Figure 10: Benthos, sediment and water sample points of Agnico Eagle Kittilä Mine (AEF) 
and Geological Survey of Finland (GTK) south from the mine site. Basemaps: © National 
Land Survey of Finland 
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The sediment and water samples were analyzed in Labtium, an accredited laboratory. The 
bioavailable concentrations of elements in sediment samples were analyzed using acetic acid 
extraction according to Heikkinen and Räisänen (2008) (method modified to be used with 
sediment samples). The total concentrations were analyzed using nitric acid digestion in 
microwave oven. The method is according to Niskavaara (1995). 
The water samples for dissolved metal and metalloid analysis were filtered using 0.2 µm ultra 
filtration and fixated using nitrogen acid. The concentrations in water samples were analyzed 
using ICP-MS or ICP-OES – method and anions by using IC-technique, according to standard 
SFS-EN-ISO 10304. Is the concentration in the sample was under detection limit (dependent 
on the method and the used laboratory), half of the detection limit concentration was used in 
processing of the data. For example if level of antimony was <2 µg/l, the applied 
concentration would be 1 µg/l. This practice was chosen not to over exaggerate results of the 
analyses. Also physical and chemical water properties (temperature, dissolved oxygen, pH, 
redox potential and electrical conductivity) were measured at field with YSI Professional Plus 
meter in pursuance of the water sampling. 
The benthic fauna sampling was done according to a guide by Meissner et al. (2013). The 
used method applies the standard SFS 5077. The samples were collected from riffles in 
Seurujoki River. The moment was not the best for collecting benthos samples, as most of the 
species mature during summer months, leaving the river basin, and for that there are less 
species to be found. Usually the sampling is done during spring or autumn. From each of the 
ten sampling point, four samples were collected, two of which from a place where the river 
bed consists of small rocks and the other two from big rock spots. In case there was only one 
type of river bed available for sampling, all four samples were taken from that type. After 
collecting the sample with a net, the sample was moved to a plastic can and it was fixated 
with 70 % ethanol. Samples of same river bed type from a certain sampling spot were put into 
the same can, if the sample volume was not too large. The results are from the combined 
sample from the four spots of the same sampling site. The benthic fauna samples were 
analyzed by Probenthos Oy laboratory.  
4.3 AQUATIC ECOLOGICAL RISK ASSESSMENT 
4.3.1 Key elements 
The case study of aquatic ecological risk assessment of Kittilä gold mine is focused on certain 
potentially harmful substances of the mine water. The elements of interest are SO4, Cl, 
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NO2+NO3, Ni, As, Sb, Fe and Al. These are chosen, because previous studies and the 
monitoring data from the mining company suggest possibly higher concentrations in 
Seurujoki and Loukinen rivers compared to guideline concentrations set in various 
environmental guideline criteria.  
4.3.2 Scenarios in ecological risk assessment 
PhreeqC modeling software (Parkhurst and Appelo 2015) can be used to estimate the 
speciation of metals, metalloids, and anions in water phase. The software was used to 
discover the chemical species of different elements in Seurujoki and Loukinen River water 
samples (Backnäs 2015). The information was used in selecting chemical species in US EPA 
Ecotox Database for creating representative SSDs for elements of interest in Kittilä mine 
environment. 
Table 7 presents a scenario, how the future environmental permit limits for water discharge 
might affect the concentrations of various elements and physical propoerties in water 
downstream Seurujoki and Loukinen Rivers (see also Table 5 of the permit limits). The Table 
6 presents the calculations behind this scenario. The calculations are made based on the 2014 
water monitoring data of the mine (Ramboll 2015a and Ramboll 2015b). The used data 
included the total amount (kg/a) of different elements entering and leaving the TWs 1 and 4 in 
the year 2014 as well as the water flows (m
3
/a) to the TWs. Based on this, the retention 
percentages of the TWs could be calculated, and further the concentrations in TW 1 and 4 
discharge. TW1+4 combined load describes the concentration of elements from both TWs, i.e. 
the average concentration of them. The average concentration column value is from the 
monitoring data of 2014, and it is used to find out the dilution rate of the concentrations of 
different elements between the TW discharges and the sample point. 
The dilution in the Seurujoki and Loukinen Rivers seems to be quite efficient: for example the 
SO4 concentration is on average 2733 mg/l in TW 1 and 4 discharge waters, but at Lintula it is 
as low as 78 mg/l with the dilution percent of 97 % (see Table 6). The lowest dilutions are 
with Fe and Mn, the concentrations of which seems to increase in the river probably due to 
natural discharge from peatlands. Also the dilution of As in the rivers is not very high 
compared to other elements, only 62–69 %. Also, the As concentration in the river is affected 
by the natural As load from the catchment. In Table 6 and 7, for inorganic nitrogen, the 
dilution percentages of total nitrogen are used, because no data was available for total 
inorganic nitrogen. 
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Table 6: The retentions of TW 1 and 4, and the dilution percentages of the water reaching sample points of Seurujoki and Loukinen Rivers. The 
calculations are made based on the 2014 water monitoring data of the mine (Ramboll 2015a and Ramboll 2015b). 
Av. 
conc.
Dilution 
(%)
Av. 
conc.
Dilution 
(%)
Av. 
conc.
Dilution 
(%)
Chlorine 
(mg/l) 0 4 52.50 28.44 46.61 1.22 96 3.18 93 2.09 96
Nickel 
(µg/l) 5 82 33.89 37.81 27.53 0.5 99 0.85 97 0.5 98
Antimony 
(µg/l) 14 80 259.52 47.27 200.93 0.25 99 7.49 96 3.08 98
Arsenic 
(µg/l) 81 99 5.79 125.60 4.75 1.79 99 1.45 69 1.69 64
Manganese 
(µg/l) -38 37 148.35 1567.97 346.48 27.81 98 44.5 87 48.75 86
Iron (µg/l) -100 -548 69.43 90.49 190.49 248.75 -175 312.5 -64 428.33 -125
Aluminum 
(µg/l) 18 33 7.44 24.31 9.49 21.75 11 20.67 -118 21.33 -125
Sulphate 
(mg/l) -5 1 872.08 8863.82 2733.46 54.5 99 77.92 97 36.06 99
Suspended 
solids 
(mg/l) -10 -284 1.15 2.20 2.86 1.34 39 1.27 56 2.02 29
Total 
nitrogen 
(µg/l) 13 54 11262.56 30959.59 11951.62 230.5 99 580.8 95 318.33 97
Ammonium 
nitrogen 
(µg/l) 59 63 976.08 18563.06 2342.16 34.45 100 62.67 97 26.08 99
Pumping station 
(Only TW 4) Lintula Kairosenniva
2014 
whole year
TW1 
retention 
(%)
TW 4 
retention 
(%)
TW1 
discharge 
av. conc.
TW 4 
discharge 
av. conc.
TW 1+4 
combined 
load / 
discharged 
water
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 Table 7: The scenarios of possible concentrations down the Seurujoki and Loukinen Rivers at 
the maximum discharge concentrations of the proposed future permit limits. 
 Limit 
after 
expansion  
TW 1 
discharge 
TW 4 
discharge 
TW 1+4 
combined 
load / 
discharged 
water 
Conc. 
Pumping 
station  
Conc. 
Lintula  
Conc. 
Kairosenniva  
Nickel 
(µg/l) 
300 285 54 169.5 3.39 5.09 3.39 
Arsenic 
(µg/l) 
500 95 5 50 19.00 15.50 18.00 
Antimony 
(µg/l) 
500 430 100 265 0.00 10.60 2.65 
Sulphate 
(mg/l) 
2000 2100 1980 2040 40.80 61.20 20.40 
Inorganic N 
(mg/l) 
30 26.1 16.8 21.45 0.43 1.07 0.64 
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5. RESULTS 
5.1 SSD DERIVED PNEC VALUES 
In the Table 8, the predicted no effect concentration values, PNECs of five elements of 
interest are presented. No SSD could be drawn for the nitrogen forms of interest or aluminum. 
For these substances, solely the existing guideline concentrations are used as PNECS. In the 
same table, the guideline concentrations are also given. Comparing these two concentrations, 
it can be seen that the SSD derived PNEC is significantly higher for antimony and arsenic. 
For nickel and sulphate the PNEC and guideline are somewhat similar, PNEC for sulphate 
being slightly lower. For chlorine the PNEC is significantly lower than the guideline 
concentration. It needs to be noted that for most of the elements there were not enough data 
for a reliable SSD. These SSD derived PNEC values should be considered as general toxicity 
threshold values, not site-specific guidelines.  
Table 8: Summary table of PNECs and the guideline concentrations of contaminants of 
interest. Definitions for guidelines: 1: EU drinking water guideline (98/83/EC), 2) Finnish 
fresh water guideline (VNA 1022/2006) and 3) Canadian fresh water guideline (CCME 
2014). 
Contaminant Endpoint PNEC Guideline conc. 
(definition ) 
Notes to PNEC 
Antimony LC50 
EC10+NOEC 
530 µg/l 
36 µg/l 
6 µg/l (1) Acute toxicity  
(AF 1000) 
Insufficient data 
Nickel NOEC 28 µg/l 21 µg/l (2) Insufficient data 
Arsenic EC10+NOEC 141 µg/l 5 µg/l (3) No data for 
insects 
Sulphate EC10+NOEC 221 mg/l 309 mg/l (3)  
Chlorine NOEC 2 µg/l 150 mg/l (3) Chronic toxicity 
(AF 50) 
 
5.1.1 SSD Nickel in aquatic environment 
Based on the SSD, the PNEC for Ni is 28 µg/l (Figure 11 and Table 12 in Appendix 1). The 
most sensitive species of the species included in this SSD, are Cyprinus carpio and Danio 
rerio (both of which are fish species). The mean stressor intensities NOEC for these species 
are 42 µg/l and 57 µg/l Ni, respectively. Further, the least sensitive species for Ni are Heliscus 
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submerses (a fungi) and Heterorhabditis bacteriophora (a nematode). The mean stressor 
concentrations are 17 610 µg/l and 100 000 µg/l Ni, respectively. 
The data for creating the SSD is from US EPA Ecotox Database (US EPA 2015b). The 
distribution was created with the US EPA SSD generator (US EPA 2012). The SSD includes 
NOEC data and both aquatic animals and plants. The test conditions of the query included 
laboratory and fresh water tests. See also chapter 2.4.2 about creating SSDs and the use of 
PNECs. The SSD comprises toxicity data for two chemical species of nickel: nickel and 
nickel sulphate (NiSO4). These species are the ones present in the Seurujoki and Loukinen 
Rivers based on geochemical modeling (Backnäs 2015). 
The data gained from the query is sorted through so that only data from long-term tests (more 
than 96 hours) remain. The Tables 12–14 presenting the data for the SSD are attached 
(Appendices 1 and 2). In Table 13 are presented the species included in the SSD, sorted by 
species group. From the table it can be seen, that the taxa is not diverse enough for a totally 
reliable PNEC. 
 
Figure 11: SSD of nickel in aquatic environment 
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5.1.2 SSD Arsenic in aquatic environment 
The PNEC for As based on this SSD is 141 µg/l (Figure 12 and Table 15 in Appendix 2). The 
most sensitive species for it are Biomphalaria glabrata (a snail) and Gammarus pulex (a 
scud). The mean stressor intensities EC10 and NOEC for these species are 63 µg/l and 441 
µg/l As, respectively (Table 17 in Appendix 4). Further, the least sensitive species for As are 
Phoma sp. and Fusarium sp. (both fungi), mean stressor intensities of both being 488000 µg/l 
As.  
The EPA Ecotox database query parameters were the same as with Ni. Endpoints included in 
the SSD data are EC10 and NOEC. The As SSD comprises of ecotoxicity data of 7 different 
chemical species: arsenic; arsenic pentoxide (As2O5); arsenic oxide (As2O3); arsenic acid 
(H3AsO4); arsenic acid, sodium salt (H2AsNaO4); arsenic acid, disodium salt (HAsNa2O4) and 
arsenenous acid, sodium salt (NaAsO2). According to the geochemical model, the As species 
present in the rivers Seurujoki and Loukinen would be hydrogen arsenate (HAsO4
-2
), 
dihydrogen arsenate (H2AsO4
-
) and arsenous acid (As(OH)3) (Backnäs 2015). These species 
represent As(V). However, no data of these arsenic forms could be found from the Ecotox 
database. The Tables 15-17 presenting data for the arsenic SSD are attached (Appendices 2–
4). There is no toxicological data for insects included in this SSD, which could cause some 
inaccuracy in the PNEC. 
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Figure 12: SSD of arsenic in aquatic environment 
5.1.3 SSD antimony in aquatic environment 
There is only very limited amount of data available in the Ecotox database for Sb. According 
to geochemical modeling (Backnäs 2015) the chemical species of Sb present in the recipient 
rivers would be Sb(OH)3, Sb(OH)2
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-
. No data were available for these Sb 
species, so no SSD could be drawn according to them. A LC50 can be used to calculate the 
PNEC using an assessment factor (AF) (see chapter 2.4.1). The calculation is according to 
Equation 2. The acute LC50 for Daphnia magna (water flea) in an acute test (2 days) is 530 
000 µg/l. With such limited data, the assessment factor to be used is 1000. This means the 
PNEC is 530 000 µg/l /1000 = 530 µg/l Sb. This PNEC seems very high. 
A SSD could be drawn to represent the toxicity of all the Sb species available in the database. 
The PNEC for Sb according to this SSD is 36 µg/l (see Figure 13 and Table 18 in Appendix 
4). The most sensitive species to Sb according to this SSD is Pseudokirchnella subcapitata 
(green algae) and Macrobrachium nipponense (a shrimp). The mean stressor intensities for 
these species are 200 µg/l and 400 µg/l Sb, respectively. The least sensitive species are 
Gammarus pseudolimnaeus (a scud) and Ozyrias latipes (a fish). The mean stressor intensities 
for these species are 25700 µg/l and 300000 µg/l Sb, respectively. 
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The query was done similarly to previous elements (see e.g. chapter 5.1.1). The Sb species 
included in this SSD were antimony trioxide (Sb2O3), antimony trichloride (Cl3Sb) and 
antimony potassium tartrate (K2Sb2(C4H2O6)2). The endpoints chosen for this SSD are EC10 
and NOEC. The Tables 18–20 presenting data for the arsenic SSD are attached (Appendices 
4–5). As can be seen from Table 19, the number of species groups included in this SSD was 
not sufficient for deriving a reliable PNEC. However, comparing the previously calculated, 
AF derived PNEC to this SSD derived PNEC could give some insight of the safe Sb 
concentration. 
 
Figure 13: SSD of antimony in aquatic environment 
5.1.4 SSD Sulphate in aquatic environment 
The PNEC for SO4 in aquatic environment is 191 mg/l according to this SSD (Figure 14 and 
Table 21 in Appendix 5).  As can be seen from the SO4 SSD and Table 23 (Appendix 7), the 
most sensitive species for SO4 are Lymnaea sp., Pond snail, and Tubifex tubifex, which is a 
Tubificid worm. The mean stressor intensities for these species are 149 mg/l and 158 mg/l, 
respectively. The least sulphate-sensitive species included in the SSD are Lepomis 
macrochirus, Bluegill (fish), and Gambusia affinis, a Western Mosquitofish. The mean 
stressor intensities for these species are 7 750 mg/l and 19 454 mg/l, respectively.  
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Same EPA Ecotox database query parameters were used as for previous chemicals. The SO4 
SSD includes ecotoxicity data for four different chemical species: sulphate (SO4), magnesium 
sulphate (MgSO4), sodium sulphate (Na2SO4) and calcium sulphate (CaSO4). These chemical 
species were chosen for the SSD because of assumption that they are present in the studied 
area. The assumption of the forms of SO4 present in the river is based on geochemical 
modeling (Backnäs 2015). Also potassium sulphate would have been of interest but no 
sensitivity data was available for this chemical. The Tables 21–23 attached (Appendices 5-7) 
present the data for SO4 SSD. As can be observed from the Table 22 presenting the species 
included in the SSD, the amount of taxa and number of observations are sufficient for a 
reliable SSD. 
 
Figure 14: SSD of sulphate in aquatic environment 
5.1.5 PNEC Chlorine in aquatic environment 
The PNEC for Cl can be calculated with using an assessment factor (see chapter 2.4.1). The 
most reliable PNEC calculated with AF is using chronic NOEC toxicological data for three 
trophic groups. For chlorine (as MgCl2) there are data for two trophic groups. The chronic 
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amphibian). The most sensitive species NOEC is used. The AF to be used is 50. The 
calculation is according to Equation 2. The PNEC for Cl is 100 µg/l /50 = 2 µg/l.  
5.2 CHEMISTRY OF THE RIVER WATERS 
On average the concentration of all contaminants, except Sb in Seurujoki River are lower than 
the guideline values, although some higher concentrations have been occasionally detected in 
2006–2015 (Table 9).  
Table 9: The minimum and maximum water concentrations of certain contaminants of Kittilä 
gold mine waste water and the guideline concentrations of them. Monitoring results of 
Seurujoki and Loukinen Rivers in 2006–2015 (AEF). Data was not available for all years for 
all contaminants and all sampling points. Definitions of guidelines: 1) Canadian fresh water 
guideline (CCME 2014), 2) Finnish fresh water guideline (VNA 1022/2006), 3) EU drinking 
water guideline (98/83/EC) and 4) US EPA fresh water guideline (US EPA 2015a). 
  SO4  
mg/l 
Ni  
µg/l 
As  
µg/l 
Sb  
µg/l 
Cl  
mg/l 
NO2+NO3 
µg/l 
Fe 
µg/l 
Al  
µg/l 
MIN 2006-
2015 
0.8 0.09 0.19 0 0.23 2 7.9 0.37 
MAX 2006-
2015 
770 29.9 31.5 650 100 13000 1690 307 
Average of 
all sample 
points 
43.53 1.06 2.25 15.13 1.80 561.97 374.07 25.18 
Average 
standard 
deviation 
59.52 1.47 1.96 18.20 2.72 463.55 179.60 28.76 
Guideline 
concentration 
309 21 5 6 150 20 (NO2) 
+ 3000 
(NO3) 
1000 87 
Definition 1) 2) 1)  3) 1) 1) 4) 4) 
 
In Figures 15 and 16, the 2006–2014 maximum and average concentrations of different 
elements at different sample points are presented. The guideline concentrations are presented 
in the graphs (see also Table 9) as horizontal dash lines.  These figures show that the As 
concentration in Seurujoki River have only reached the level of guideline concentrations in 
beginning of mine construction and later for a very short period in 2013. SO4 concentration 
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exceeds the guideline level only locally at pumping station due to effects of treated process 
waters discharged through TW 4 200 meters upstream. The highest Al concentrations were 
detected in background sampling point of Seurujoki River, Hakokodanmaa, upstream from 
the mine site. Also for Fe, the highest Fe concentrations which exceed the guideline values 
were detected in the background sampling point of Loukinen River, Vientola. The highest Ni 
concentrations are seen in Kairosenniva sampling point in Loukinen river, but not in 
Seurujoki river, showing that there is some natural Ni source affecting Loukinen.
 
Figure 15: The annual maximum and average concentrations of Sb, As, SO4 and Cl at 
different sample points in 2006–2014. Guideline concentrations also presented. For Cl the 
guideline concentration is 150 mg/l which is too high to show on the scale. 
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Figure 16: The annual maximum and average concentrations of Fe, Al, Ni and NO2+NO3 at 
different sample points in 2006–2014. Guideline concentrations also presented. For Ni the 
guideline concentration is 21 µg/l, and for NO2+NO3 3020 µg/l, which are too high to show 
on the scale. 
There are high concentrations of various elements in the TW 1 and 4 discharge water in 
2010–2015 (Figures 17 and 18). There is monitoring data of TW 1 discharge water 
concentrations only from 2013 onwards. The samples are taken from the ditches through 
which the water accesses Seurujoki River. It can be observed that the concentrations of 
discharge water exceed the guideline concentrations considering all elements presented here.  
The average Sb concentration at TW 1 discharge water exceeds the drinking water guideline 
limit (6 µg/l) more than 50-fold and the SSD derived PNEC (36 µg/l) more than 7-fold. 
Average Al concentrations as well as maximums at TW 1 discharge are below guideline level 
(87 µg/l) but there are some extreme maximum concentrations at TW 4 discharge water. SO4 
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concentrations are above guideline (309 mg/l) and SSD derived PNEC level (221 mg/l) in 
both waters, average concentrations being more than 30-fold compared to the guideline in 
2015. The level of SO4 in TW 4 discharge has been increasing during the monitoring years, 
while it has been quite consistent in TW 1 discharge. The level of Cl seems to be increasing 
from 2013 onwards but does not exceed the guideline value (150 mg). 
 
Figure 17: The annual maximum and average concentrations of Sb, As, SO4 and Cl of TW 
discharge waters in 2010–2015. 
The TW discharge waters have some time points, when extreme concentrations have 
occurred; especially the Fe and Al concentrations at 2011 have been high. The average Fe and 
Al concentrations are however mainly below the guideline levels: 1000 mg/l and 87 µg/l, 
respectively. Ni concentrations are below guideline and derived PNEC level in TW 4 
discharge, but TW 1 discharge water average and maximum concentrations exceed these 
levels. 
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Figure 18: The annual maximum and average concentrations of Fe, Al, Ni and NO2+NO3 of 
TW discharge waters in 2010–2015. 
The similar shapes of the graphs In Figure 19 at most of the sample points indicate the same 
origin of the water. The graph presents concentrations of elements at sample points of 
Seurujoki and Loukinen Rivers (in June 2015). It can be observed, that the background 
sample points of the two rivers (Hakokodanmaa, Talvitienmukka, Kolvakoski and Vientola) 
follow almost completely the same shape. The sample points under the influence of the mine 
discharge are slightly above these graphs with somewhat similar form, as the TW 1 and 4 
discharge points stand out from the rest of the sample points indicating a different water 
source. 
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Figure 19: The concentrations of different elements at different sample points (June 2015). 
Ca:Mg ratio and SO4 concentration seem to have somewhat inverse proportionality in the 
results of June 2015 sampling (Figure 20), with the TW discharge points standing out from 
the rest. The results are presented as relations between different parameters. Similar graphs 
are quite often used in describing geochemistry of waters, for example in a study by 
Okiongbo and Douglas (2015), in presenting the relations of different water parameters. 
When comparing alkalinity and Ni concentrations of the water samples, the TW discharge 
points stand out from the rest due to their high Ni concentration. However, there is a clear 
difference between these points in terms of alkalinity: At TW 4 alkalinity is at lowest of all 
the sample points and TW 1 the highest. Comparison of SO4 and alkalinity also gives a clear 
distinction between the TW discharge points and the other sampling sites: SO4 content is 
significantly higher at these waters and alkalinity varies as described earlier. Ni and SO4 
concentrations were chosen to be presented here because of the indication from previous 
studies, of their toxicity being influenced by water alkalinity and/or Ca:Mg ratio. It needs to 
be noted, that the SO4 concentration is on a logarithmic scale. 
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Figure 20: The relation between 1) water SO4 concentrations and Ca:Mg ratio, 2) Ni 
concentration and alkalinity (as CaCO3 mg/l), and 3) SO4 concentrations and alkalinity, at 
sample points (June 2015). 
The retention rates of the TWs and dilution percentages in the river presented in Table 6 are 
used in predicting guideline- and PNEC-based maximum discharge concentrations of mine 
water from the TWs to Seurujoki, and also the maximum non-hazardous concentrations of 
mine effluent discharged to the TWs. These maximum discharge concentrations are presented 
in Table 10. The calculation of which results are presented in Table 10 is based on simple 
modeling of TW retention, dilution in Seurujoki River and only limited data of the discharged 
water (year 2014). The calculation is an example of how these potentially safe discharge 
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concentrations could be calculated as a part of ecological risk assessment. The concentrations 
are calculated based on the lowest dilution percent of the Seurujoki and Loukinen Rivers, 
based on Table 6, to create a scenario, where the guideline or PNEC is not exceeded at any 
point of the rivers. For Fe, the maximum discharge is lower than the guideline because the 
dilution percent is negative considering these elements, i.e. the concentration increases in the 
river. Also, the retention of Fe and SO4 is negative at one or both TWs. This means the 
discharge concentration to the wetlands has to be even lower in order to ensure the guideline 
or PNEC is not exceeded. As in Table 6, the dilution percentages of total nitrogen are used to 
represent the retention and dilution of inorganic nitrogen, because no data was available for 
total inorganic nitrogen. 
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Table 10: An example calculation of maximum potentially non-hazardous concentrations of purified water discharged from TWs to Seurujoki 
and mine effluent discharged to the TWs. Calculations based on simple modeling of TW retentions and dilution rates of elements in the receiving 
rivers (see Table 6). 
Guideline PNEC Guideline-
based 
maximum 
discharge
PNEC-
based 
maximum 
discharge
Load 
from 
TW 1 %
Load 
from 
TW 4 %
TW 1 
retention 
%
TW 4 
retention 
%
Max 
effluent 
conc. to 
TW1 
(guideline)
Max 
effluent 
conc. to 
TW4 
(guideline)
Max 
effluent 
conc. to 
TW1 
(PNEC)
Max 
effluent 
conc. to 
TW4 
(PNEC)
Nickel 
(µg/l)
21.0 28.0 700 9333.3 47.3 52.7 5 82 347.7 671.4 463.5 8951.9
Arsenic 
(µg/l)
5.0 141.0 13.9 391.7 4.4 95.6 81 99 1.1 26.4 31.2 745.2
Antimony 
(µg/l)
6.0 36.0 150 900.0 84.6 15.4 14 80 144.7 41.6 868.0 249.5
Sulphate 
(mg/l)
309.0 221.0 10300 7366.7 9.0 91.0 -5 1 880.7 9466.7 629.9 6770.7
Chlorine 
(mg/l)
150.0 0.002 2142.9 0.03 64.9 35.1 0 4 1390.7 782.2 0.02 0.01
Iron (µg/l) 1000.0 690 43.4 56.6 -100 -548 217.0 103.3
Aluminum 
(µg/l)
87.0 69.6 23.4 76.6 18 33 19.2 70.9
Inorganic 
N (µg/l)
3020.0 100666.7 26.7 73.3 13 54 30372.1 113634.5
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5.3 SEDIMENT RESULTS 
The sediments of the studies site exceed some of the set guideline values at certain sample 
points. The concentrations can be compared to the common concentrations of Finnish stream 
sediments (Table 11). The maximum concentration of sample points is given as total 
concentration and bioavailable concentration. The maximum total concentrations of As and 
Sb exceed the guideline concentration. The maximum total concentration of Ni is within the 
class 3 of possible effects. The maximum total concentrations of Fe, Mg and Na are above 
common sediment concentrations of Finnish streams. 
Table 11: The common concentrations of different elements in Finnish stream sediments 
(Lahermo et al. 1996), their possible guideline values (Swedish EPA 2000), (WNR 2003) and 
the highest total and bioavailable concentrations of Kittilä sediment sample points (June 
2015). 
Contaminant Common total 
concentration 
(90%) in Finnish 
stream sediments 
(mg/kg) 
Guideline 
value (mg/kg), 
if available 
Maximum 
concentration of 
sample points, 
total 
concentration 
(mg/kg) 
Maximum 
concentration of 
sample points, 
bioavailable 
concentration 
(mg/kg) 
Arsenic 0.8–15 10–30 (Swedish 
EPA, class 3) 
308 15.7 
Antimony 0.009–0.13 25 (WNR, 
probable 
effects) 
35.6 14.8 
Iron 10 000-75 000  117 000 16 900 
Nickel 6–40 15–50 (Swedish 
EPA, class 3) 
25.3 5.3 
Aluminum 7 000–30 000  17 100 553 
Calcium 3 000–10 000  8 910 7 450 
Magnesium 1 400–9 000  13 100 11 300 
Sodium 130–550  1 210 1 140 
Potassium 500–7 000  1 180 804 
 
The sediment results are grouped based on the indication of the source of the load: As, Fe and 
Ca are naturally occurring in the environment. Part of Na, K, S and Mg originates from the 
process chemicals (TW 4) (see Table 4) and Sb, Ni and Al from the dewatering waters (TW 
1). The results of sediment sample analysis are presented in Figures 21–23. The bioavailable 
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fraction is extracted with ammonium acetate and the total concentration with nitric acid. 
Water results of June 2015 sampling are presented in the graph. In case there is no water 
sample taken from the exact point of the sediment sample, the closest upstream sample point 
concentration is presented. Between sediment sample points Välimukka and Vääräkkä, there 
were no water samples taken. The water concentrations scale is on a secondary axis. The 
logarithmic scale of several graphs needs to be noted. With sulphur sediment graph, the water 
concentration of sulphate is presented. 
Compared to typical Finnish stream sediment As concentrations (Lahermo et al. 1996) the 
studied river sediments contain naturally high level of As due to presence of arsenopyrite in 
the bedrock. According to Lahermo et al. (1996) the stream sediment As concentration are 
naturally about 6.5–15 mg/kg at Kittilä region. This naturally high As load in sediment is seen 
especially in background sediment samples. Thus the mine water discharges do not have an 
impact of As concentrations in the sediment. Current Sb concentrations are above these 
common concentrations at the sampling sites in vicinity of the mine water discharge points. 
However, there is also some natural load of Sb due to presence of Sb in local bedrock as 
stibnite and as Sb containing arsenopyrite. According to Lahermo et al. (1996) the stream 
sediment Sb concentration are naturally about 0.08-0.1 mg/kg at Kittilä region. In addition, 
Mg and Na concentrations of TW 1 sediment sample point exceed the typical Finnish stream 
sediment levels (Lahermo et al. 1996) due to influence of dewatering water discharge. 
Concentrations of other elements (Ni, Al, Fe, Ca and K) do not exceed these common 
sediment concentrations at any studied sample point. SGQ concentrations are given to As, Sb 
and Ni (Table 10). For all these elements, the guideline of “probable effects” (Ni), or 
“moderately high concentration” (As and Sb), is exceeded at some sampling point. (Table 10 
and Figures 21–23). However, these guidelines do not count the adaptation of biota to 
naturally high background concentrations of Ni, As or Sb. 
Fe and Ca are considered to occur naturally on the basis of the sediment results: they are both 
elevated also at the background sampling sites (the background water sample point of 
Loukinen River presented in all the graphs is Vientola). The level of As is very high in the 
Seurujoki River background sediment, but the concentration in water is low. With Na, K, Mg 
and S, the water concentrations support the presumption that these elements originate from 
the process effluent waters discharged through TW4. The process chemicals in use are 
presented in Table 4. Sb quite clearly originates almost completely from dewatering waters of 
TW 1, while Ni might occur in both dewatering and process waters based on the 
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concentrations in water sample points. Concentrations of Al are quite high at both background 
sample points, especially at Seurujoki River.   
 
Figure 21: Sediment results of elements naturally occurring in sediment: As, Fe and Ca. 
Water concentrations from June 2015 sampling. 
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Figure 22: Sediment results indicating load of process chemicals: Na, K, Mg and S. Water 
concentrations from June 2015 sampling. 
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Figure 23: Sediment results indicating load from the drainage water: Sb, Ni and Al. Water 
concentrations from June 2015 sampling. 
5.4 BENTHOS RESULTS 
In the Figures 24 and 25 are presented the numbers of observations for different benthic 
organism orders at different sample points in years 2006, 2009, 2011, 2014 and 2015 
samplings. Sample points Hakokodanmaa and Vientola represent the background conditions 
of Seurujoki and Loukinen Rivers, respectively. The sample points are presented in the 
legends of Figures 24 and 25 in the order of the river flow starting from upstream of the mine 
site. The grouping of the benthic organism orders in the Figures 24 and 25 is done based on 
the sensitiveness of the organisms. In the Figure 24, there are the more sensitive orders of 
benthos presented (see chapter 2.4.4) while in Figure 25, more tolerant orders are presented.  
1
10
100
1000
0.00
7.00
14.00
21.00
28.00
35.00
42.00
H
ak
o
k
o
d
an
m
aa
T
W
 4
 d
is
ch
ar
g
e
T
W
 1
 d
is
ch
ar
g
e
V
äl
im
u
k
k
a
R
o
u
ra
m
u
k
k
a
V
ää
rä
k
k
ä
P
u
n
ik
k
is
u
v
an
to
M
es
in
ie
m
i
K
ie
li
se
n
k
u
u
si
…
w
a
te
r 
µ
g
/l
se
d
im
en
t 
m
g
/k
g
Sb
Tot
al
0.1
1
10
100
0.00
5.00
10.00
15.00
20.00
25.00
30.00
H
ak
o
k
o
d
an
m
aa
T
W
 4
 d
is
ch
ar
g
e
T
W
 1
 d
is
ch
ar
g
e
V
äl
im
u
k
k
a
R
o
u
ra
m
u
k
k
a
V
ää
rä
k
k
ä
P
u
n
ik
k
is
u
v
an
to
M
es
in
ie
m
i
K
ie
li
se
n
k
u
u
si
…
w
a
te
r 
µ
g
/l
se
d
im
en
t 
m
g
/k
g
Ni
To
tal
0
50
100
150
200
250
300
350
400
450
500
0
20000
40000
60000
80000
100000
120000
140000
H
ak
o
k
o
d
a…
T
W
 4
 …
T
W
 1
 …
V
äl
im
u
k
k
a
R
o
u
ra
m
u
k
k
a
V
ää
rä
k
k
ä
P
u
n
ik
k
is
u
…
M
es
in
ie
m
i
K
ie
li
se
n
k
u
…
w
a
te
r 
µ
g
/l
se
d
im
en
t 
m
g
/k
g
Fe
Total
Bioavailable
Water
0
10
20
30
40
50
60
70
80
90
100
0
3000
6000
9000
12000
15000
18000
H
ak
o
k
o
d
a…
T
W
 4
 …
T
W
 1
 …
V
äl
im
u
k
k
a
R
o
u
ra
m
u
k
k
a
V
ää
rä
k
k
ä
P
u
n
ik
k
is
u
…
M
es
in
ie
m
i
K
ie
li
se
n
k
u
…
w
a
te
r 
µ
g
/l
se
d
im
en
t 
m
g
/k
g
Al
79 
 
 
It can be observed, that the “EPT” species dominate in number of individuals, compared to 
other species groups. The strongest “hump-shape” is with the order Ephemeroptera, when the 
maximum number of species is considered. Similar shape of the graphs can be seen with most 
of the orders. Only the number of Mollusca seems to have varied differently during the 
monitoring time. The year 2011 is clearly different with most of the benthos orders, having 
the highest number of observations.  
The sampling of 2015 is done in June, which is not a recommended time for benthos sampling 
since many of the species are maturating and thus leaving the aquatic ecosystem. This is why 
the numbers of observations in the year 2015 is not comparable to previous years, but 
different sampling points might be comparable within 2015 sampling results. 
 
Figure 24: The benthos variation in number of observations at different sampling points in 
2006–2015. The 2015 sampling was done in June while others in September. Orders 
Ephemoptera, Trichoptera and Plecoptera. 
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Figure 25: The benthos variation in number of observations at different sampling points in 
2006–2015. The 2015 sampling was done in June while others in September. Orders 
Coleoptera, Diptera and Mollusca. 
In the Figure 26 the ratio of abundance of EPT taxa at sample points in 2006–2015 is 
presented. The ratio is calculated by comparing the number of observations at each sample 
point to the average number of observations at the two background sample points 
Hakokodanmaa (Seurujoki River) and Vientola (Loukinen River). It can be observed that the 
ratio is generally above one at all sample points after 2009. This means that there are more 
organisms in this order at the sample point when compared to the background. For Plecoptera 
the abundance ratio is below one throughout the monitoring time at Kairosenniva. There is 
not such a clear trend visible in the abundances of these orders when the background is 
normalized out. The 2015 sampling results are to be interpreted with caution for the reasons 
explained earlier in the text. 
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Figure 26: The relative abundances of EPT taxa in 2006–2015 at different sample points. The 
2015 sampling was done in June and others in September. Ratio of abundance at sample point 
/ abundance at background. 
A slight decrease is seen on the values of the Shannon-Wiener diversity index strongly from 
year 2011 onwards. Mining started at the year 2009. The index is calculated based on the 
benthos monitoring results of the mining company at those years. The calculation is done 
according to equation 4 (see chapter 2.4.4). Like mentioned earlier, the year 2015 sampling 
results are not completely comparable to previous years’ results. However, they seem to 
follow the same trend. The interpretation of the Shannon-Wiener index is done according to 
Swedish guidelines (Swedish EPA 2000). The reference value is for Northern boreal 
watercourses. 
A slight decline in diversity of the Seurujoki River background sample point, Hakokodanmaa, 
can be seen in the Figure 27 as well. Kolvakoski sample point is also considered background 
since the TW 4 discharge is downstream from it. However, during flooding some water from 
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the wetland may be discharged via natural ditches to the Seurujoki River also upstream 
Kolvakoski. No decline in Kolvakoski benthos diversity can be seen by the year 2014. In 
contrast, the sample point closest to the TW 4 and 1 discharge points, Rossinmukka, shows 
quite a clear decline in the diversity from 2009 to 2014. No data were available for 
Rossinmukka benthos before 2009. A decline can also be seen in the diversity of Konikoski, 
which is the next sample point downstream from Rossinmukka. The benthos diversity has 
declined below medium level in 2014 at Rossinmukka and Konikoski. Vientola is the 
background sample point of Loukinen River. No clear trend of diversity change can be seen 
for this point during 2006–2014. Also the diversity of Kairosenniva (Loukinen River sample 
point) has been quite consistent during the monitoring time.  
 
Figure 27: The Shannon-Wiener biodiversity index value at different sample points in 2006–
2015. The 2015 sampling was done during June and others in September. The interpretation is 
according to Swedish guidelines (Swedish EPA 2000). 
A decline in the value of EPT index can be seen with all sample points between 2011 and 
2014 (Figure 27). The steep decline in background sample points, Hakokodanmaa and 
Vientola, show the natural declining trend of EPT index. The slightest change is at 
Kolvakoski sample point. The EPT index was explained earlier in chapter 2.4.4. The 
interpretation is according to WSI (2000). The 2015 sampling results are likely to be 
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incomparable with other years’ results as explained earlier. The EPT index graph has similar 
shape to the graphs in Figures 24 and 25, which means that both the number of species and 
the number of individuals have peaked in 2011. Also at the Seurujoki River background 
sample point, Hakokodanmaa, EPT index value decreases quite steeply after 2011. All the 
sample points are above “good” state in years 2006–2014, and above “excellent” in 2009–
2011, according to the interpretation of WSI (2000).  
 
Figure 28: The EPT index value at different sample points in 2006–2015. The 2015 sampling 
was done during June, while others in September. The interpretation is according to WSI 
(2000).  
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6. DISCUSSION 
6.1 ECOLOGICAL IMPACTS OF DRAINAGE AND PROCESS WATERS ON 
RECIPIENT RIVERS 
In the next sections, the possible ecological risk posed by different mine water elements are 
assessed.  
Generally, Cl, K, Ca, Na and NO2+NO3 content in the receiving rivers do not to occur in 
potentially harmful concentrations, based on the results from water and sediment data. Na 
sediment concentration is elevated at TW 4 discharge point compared to common Finnish 
stream sediment concentration (Table 22) (Lahermo et al. 1996), but the impact of the process 
discharge waters is very local and other sample points’ sediments are within the common 
concentration range. Even though NO2+NO3 concentration is not significantly elevated in the 
recipient rivers, the concentrations at TW discharge points are locally high (Figure 18). 
Especially at TW 1 discharge, where the NO2+NO3 concentration is on average above 10 
mg/l. The NO3
-
 concentration should not exceed 3 mg/l and NO2
-
 2 µg/l, to protect freshwater 
aquatic life (CCME 2014). Increase in nutrient load could accelerate primary productivity 
causing unimodal, i.e. “hump-shaped” pattern in benthos species richness (Dodson et al. 2000 
and Pallottini et al. 2015). The fast decrease of NO2+NO3 concentration in the river might 
imply that the nitrogen is taken up by the aquatic organisms. 
Al discharge of the Kittilä gold mine is not considered significantly hazardous for aquatic 
ecosystem under normal conditions. The maximum concentration of Al at background sample 
point of Seurujoki River, Hakokodanmaa at 2010 is very high, over 300 µg/l (see Figure 16). 
On the same time (May, 2015), the concentration of iron, zinc and solid matter are unusually 
high as well. This might be due to spring floods-caused surface run-off or a sampling error. 
The high concentrations at the background sample point indicate natural load of these 
elements in the area. There have been extreme discharges of high Al containing waters in 
2010–2012 from TW 4. However, the average Al concentrations stay below the guideline 
concentration of 87 µg/l (US EPA 2015) at both TW discharge and river sample points 
(Figures 16 and 18). This, together with the sediment concentrations of Al, which are within 
the common concentrations of Finnish stream sediments (Figure 23 and Table 11) (Lahermo 
et al. 1996), suggest that the load of Al is not of special concern. The highest Al sediment 
concentration is at Rouramukka, 800 m distance from TW 1 discharge and almost 2 km 
distance from TW 4 discharge with higher Al containing water. Major part of dissolved 
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metals are adsorbed onto particulates and then possibly transported great distances only 
forming sediment as the river velocity decreases low enough (Kelly 1998). Thus, the stream 
flow rate together with the amount of suspended solid material may have an impact on the 
sedimentation of metals. 
The situation seems quite similar with Fe as with Al. The average water Fe concentrations are 
below guideline concentrations at the river waters and in general also at the TW 4 and 1 
discharge points (Figures 16 and 18). However, the sediment concentrations of Fe are above 
common Finnish stream sediment concentrations at the four “first” sample point (Figure 21), 
also at the background sample point, Hakokodanmaa. This implies the load being of natural 
origin from the peatlands surrounding the river. The level of Fe in sediment decreases 
downstream from Välimukka, although the water concentrations increase (Figure 21). It 
should be remembered that the water results presented together with sediment results (Figures 
21–23) are from a single sampling campaign (June 2015). The average Fe concentrations are 
generally higher in Seurujoki River after the mine water discharge points (Figure 16) 
probably due to the leaching of Fe from the peatlands. 
Ecological effects of Ni should also be of no significant concern. The concentrations of Ni in 
river waters and sediment stay below guideline concentrations of 21 µg/l and 50 mg/kg, 
respectively (Tables 9 and 11, Figures 16 and 23) (VNA 1022/2006 and Swedish EPA 2000). 
However, sediment Ni content represents Class 3 of “moderately high concentration” 
(Swedish EPA 2000). The SSD derived PNEC for water Ni concentration is 28 µg/l. 
However, at TW 1 discharge point the Ni concentrations have been high (Figure 18). Also, it 
can be seen that alkalinity is low and Ni concentration high at TW 4 discharge point (Figure 
20). Toxicity of Ni is found to increase at lower water hardness, or alkalinity (CaCO3 
concentration) (Meays and Nordin 2013 and US EPA 1986). Hence, at TW 1 and 4 discharge 
points there might be a possibility of some adverse, but local ecological effects occurring due 
to Ni load of the mine.  
Despite the naturally high As concentrations in the bedrock, the water concentrations of As 
are quite low, even the maximum annual concentrations are mainly below the 5 µg/l guideline 
(Figure 15) (CCME 2014). However, the maximum, and average concentrations of As in TW 
discharge waters have exceeded this guideline at some occasions (Figure 17). Based on the 
geochemical modeling done with PhreeqC software (Parkhurst and Appello 2015), the arsenic 
chemical species present in the rivers include the less toxic and less bioavailable As(V) (Du et 
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al. 2015 and Backnäs 2015), which has been found to be toxic at 48 µg/l (US EPA 1986). 
There has been one event of very high As containing water discharges from TW 4 in 2011 
that also elevates the average As concentration. Generally the As discharge from TW 4 has 
caused no significant potential risk towards aquatic organisms. The total concentrations of As 
in river sediment exceed the guideline concentrations at several sample points (Table 11) 
(Swedish EPA 2000). The dilution of As in the rivers is not very efficient compared to the 
other elements (Table 6). This is due to natural presence  of As in the water and thus in the 
sediment due to arsenopyrite . Both of them are present in arsenopyrite mineral, which occurs 
in the local bedrock (Pöyry 2012a). The natural occurrence of these elements can be seen 
from the Figure 21, where sediment As concentration is at its highest at the Seurujoki River 
background sample point, Hakokodanmaa. In contrast, the Loukinen River background 
sample point, Kielisenkuusikko, is fairly low in As. This might imply a different natural load 
on these two rivers. The As content at Hakokodanmaa is so high it represents “exceptional 
local load” (>150 mg/kg) and hence toxicity to benthic organisms is likely. It might be, that 
the benthos community has adapted to be tolerant to As since it seems to occur naturally. 
Antimony is present in the rock as well, in the form of stibnite, and is released to the 
environment through quarrying and discharged to the environment with the dewatering 
waters. Sb concentrations are clearly elevated in the studied area, compared to general 
environmental water and sediment concentrations. There is no fresh water guideline for Sb 
concentration, but the one for drinking water is 6 µg/l (98/83/EC). The hazardous level of Sb 
stated in the US EPA guidelines, however not being a guideline itself, of 1600 µg/l (chronic), 
seems very high (US EPA 1986); also in comparison to the derived PNECs. A PNEC was 
calculated using both SSD and AF methods resulting with two very different concentrations 
(36 µg/l and 530 µg/l, respectively). The lack of environmental guideline suggests the fact 
which was also discovered when deriving the PNEC value for Sb with SSD: toxicity of Sb in 
aquatic ecosystems has not been studied thoroughly. There was not a lot of toxicity data 
available and derivation of a reliable PNEC would have required some toxicity testing.  
Both of the PNECs were exceeded occasionally at some parts of the river. The highest Sb 
concentrations in the river waters seem to be at Pumping station, Konikoski and Lintula. Sb 
concentrations at background sample points of Seurujoki and Loukinen Rivers are clearly 
lower compared to the sample points with load of the mine waters. The water discharged from 
TW 1 has high Sb concentrations, the average being above 250 µg/l in 2014. The 
concentration of Sb in June 2015 sampling at TW 1 discharge ditch was as high as 650 µg/l. 
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Toxicity to aquatic organisms might be possible with this high Sb levels (US EPA 1986), but 
further toxicity testing is required to determine safe level of Sb in protecting freshwater 
aquatic organisms. However, the dilution of Sb in the river water is quite efficient. According 
to the calculation of Table 6, there should be only about 4 % of antimony left in the water as it 
reaches Lintula, around 7 km downstream from the mine water discharge points. The 
sediment Sb concentration exceed the guideline limit at TW 1 discharge point as well as the 
next sample point downstream, Välimukka (Figure 23). Other sediment samples show 
relatively low Sb concentrations suggesting the possible toxic effects being quite local. 
The water results show quite extreme concentrations of SO4 at TW 4 and 1 discharge points 
(Figures 17 and 18). Of special interest is the TW 4 discharge point, where the Ca:Mg ratio is 
very low compared to other sample points according to 2015 June sampling results (GTK) 
(Figure 20). Also, the concentration of SO4 is very high and seemingly increasing in this 
water (Figure 17). Low Ca:Mg ratio has been found to increase the toxicity of SO4 at a 
constant water hardness (Davies and Hall 2007). Furthermore, the toxicity of SO4 increases at 
lower water hardness, or alkalinity (CaCO3 concentration) (Meays and Nordin 2013) and 
(EPA 1986). The water alkalinity is of lowest at TW 4 discharge point (Figure 20). Hence, the 
aquatic organisms in the vicinity of the TW 4 discharge point could suffer from the toxicity of 
SO4. Also, the sediment sulphur concentration is at highest TW 4 discharge point (Figure 22). 
The SO4 concentration is very high also at TW 1 discharge point, but the Ca:Mg ratio and 
alkalinity are higher at this point (Figure 20). Still, adverse ecological effects are possible, as 
the guideline and PNEC values are exceeded (Table 8). Sulphate concentrations exceed the 
guideline concentration and SSD-derived PNEC-value also at several sample points of the 
Seurujoki River: the highest concentrations are found at Pumping station, Konikoski and 
Lintula. These points have a relatively low Ca:Mg ratio (Figure 20). Some effects towards 
aquatic organisms might occur. Sulphate seems to be among the most significant 
contaminants potentially causing adverse ecological impacts, originating from the mine. Also, 
the concentrations of ammonium nitrogen and SO4 in Seurujoki River, and the Sb level of 
mine water discharge, are expected to increase as the expansion is carried out. (Pöyry 2012a 
and AVI 2013). 
Mg toxicity increases with low Ca concentrations (van Dam et al. 2010), which indicates a 
concerning situation at TW 4 discharge, where Mg concentrations are high and Ca 
concentrations low (Figure 20). However, there is no monitoring data about Mg 
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concentrations from the mining company, so no long-term observations of Mg concentrations 
can be made. The results suggest that Mg should possibly be included in the mine water 
monitoring. 
The impacts of mining on the river sediment seem to be local. In general, the sediment sample 
points with highest concentrations of contaminants are the five “first” sample points upstream 
the river: background point Hakokodanmaa, TW 4 and TW 1 discharges, Välimukka and 
Rouramukka. However, there is a clear difference in the contaminants which are high at 
different points. Hakokodanmaa has the highest arsenic level; K, Mg, Na and S are highest at 
TW 4 discharge; Sb is high in both TW 1 discharge and the adjacent Välimukka sample point 
and Ni, Al, Ca and also Mg are high at Rouramukka. The results show quite clearly that 
arsenic is of natural source, i.e. the rock at the area contains arsenopyrite, also in which gold 
occurs (Pöyry 2012a). High magnesium concentrations are present in both water and sediment 
at TW 4 discharge point, while calcium concentrations are low. For example in 2015 water 
sampling, Ca:Mg ratio at TW 4 discharge point is around 0.2, which could cause increased 
toxicity to benthic organisms (Davies and Hall 2007). Also in the sediment the Ca:Mg ratio is 
relatively low: around 0.6 at TW 4 discharge (June 2015 sampling). 
An increase in number of observations of almost all different benthos orders can be seen in 
the Figures 24 and 25 in the year 2011. After this year, the abundance of all orders decreases 
again. Similar hump can be seen in also Figures 26 and 28, indicating that there is the trend is 
not completely of natural origin and the same trend is seen in both the number of observations 
and number of species. The hump-shaped pattern of the abundance of different orders of 
benthos could be explained by an increase in nutrient load on the rivers followed by increased 
primary productivity (Dodson et al. 2000 and Pallottini et al. 2015). Sulphate load is seen to 
increase phosphorus mobilization increasing the nutrient level and possibly causing 
eutrophication (Meays and Nordin 2013). However, as also the background sample points 
show the same pattern to some extent, it supports the conclusion of increased nutrient load on 
the whole river. The effect is more visible on Seurujoki than Loukinen River background. 
Still, the sample points of highest pollutant load, i.e. the ones in the vicinity of the discharge 
points, show clearly steeper declines in both numbers of individuals and diversity (Figure 27). 
The “hump shape” is strongest with the order Ephemeroptera (mayflie), which is stated in 
literature to be specially metal-sensitive (Hickey and Clements 1998). This might imply that 
the metal concentrations have increased after 2011 decreasing the number of these sensitive 
species. 
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Another explanation to the extreme number of observations and species could be in a 
difference of sampling or for example unusual weather conditions. In fact, the year 2011 was 
very rainy in the Kittilä area: the annual rainfall was 123 % of the average rainfall during the 
years 1981-2010. In comparison, the year 2009 rainfall was 84 % and the year 2014 114 % of 
this 1981-2010 average. (Finnish Meteorological Institute 2015). 
The slight decrease of the diversity at the Seurujoki River background sample point, 
Hakokodanmaa, could indicate an increased load on the whole river, e.g. due to forestry. 
Interestingly, the EPT index if lowest in the Seurujoki background sample point and higher at 
the points where there is load from the mine. This could imply the nutrient level of the river 
being naturally quite low and the increase in nutrient level and thus primary productivity to 
improve the conditions for various benthos species (Dodson et al. 2000 and Pallottini et al. 
2015). The EPT index shows no clear difference between the pattern of background and other 
sample points: a slight hump-shaped pattern can be seen also with these index values. 
According to this index the state of the rivers is good or excellent (Figure 28) (WSI 2000).  
The load from the mine discharge waters were earlier concluded to be highest at TW 4 and 1 
discharge points, Välimukka and Rouramukka (represent the water sample point Pumping 
station and the benthos sample point Rossinmukka). The most significant potentially harmful 
elements at these points were Sb and SO4. Al and Ni concentrations have been occasionally 
high, possibly posing a risk towards aquatic ecosystem. The diversity of the benthic 
community decreases most steeply at this location (Rossinmukka), as well as the changes in 
the relative abundances of EPT taxa (Figure 26) and the numbers of observations of other taxa 
(Figure 25) are generally more visible at this point. 
The benthos results are slightly contradictory a sense that there is a high ratio of the sensitive 
EPT species in the benthic community indicating a very good state of the rivers (Hickey and 
Clements 1998), but on the other hand decrease of the diversity index would indicate a 
decline in the rivers’ ecological state (Swedish EPA 2000). A suggestion for an explanation 
could be the partially natural load of Al, Ni, Fe, and As might have altered the community 
favouring the more tolerant individuals to survive. Also, identifying impacts of different 
elements on benthos is challenging due to spatial variation of physical and chemical factors 
(Pallottini et al. 2015). 
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6.2 UTILIZATION OF ECOLOGICAL RISK SCENARIOS IN MINE WATER 
MANAGEMENT 
The future mine expansion having a new environmental permit could improve the quality of 
the discharged waters, since there will be a limit set for SO4 concentration. The waters 
discharged from the TW 4 have contained as high as 13 000 mg/l concentrations of SO4 in the 
past; the proposed, not yet legally valid permit limit for SO4 in waters entering the TWs is 
2000 mg/l (AVI 2013b), being a step in the right direction. However, water management 
strategies are still to be improved since the treatment wetlands do not efficiently retain all the 
contaminants of mine waters, possibly causing adverse effects towards aquatic ecosystem. If 
the mining company would include Mg, and possibly Cl into their monitoring system, it could 
help in risk assessment of the aquatic ecosystems. Also, since the removal capacity of the 
TWs has declined, and contaminants are even leached, there might be a need to set some limit 
concentrations for the water discharged from the TWs. Currently the permit limits only 
consider water that enters the TWs. 
Based on the scenarios of TW retention capacities and dilution rates in Seurujoki and 
Loukinen Rivers (Table 10), the safe guideline-based levels of discharge of mine effluent to 
TWs for As and Sb would be lower than the proposed permit limits, presented in Table 5. 
According to the proposed future permit limits, the discharge of As and Sb to the TWs could 
be 500 µg/l, while this calculation indicates the safe level for As being, 1.1 µg/l and 26.4 µg/l 
to TW 1 and TW 4, respectively, and for Sb, 145 µg/l and 41.6 µg/l to TW 1 and TW 4. 
However, this simple calculation does not take into account the naturally high As load in the 
area and because of this it results in unnecessary low safe discharge concentration of As. The 
PNEC-based effluent concentrations give higher “safe” levels of concentrations, but they are 
still lower than the future permit limit. SO4 concentration in mine drainage water (discharged 
to TW 1) should not exceed 880 mg/l according to the calculation, while the proposed, not yet 
legally valid permit would allow 2000 mg/l discharge (AVI 2013b). Because of the poor 
retention of Fe, the scenario suggests a safe level of Fe discharge to TW 4 to be only 103 µg/l 
and 217 µg/l to TW 1, while the guideline concentration is 1000 µg/l (US EPA 2015a).  
Based on this scenario, the proposed future environmental permit limits would allow higher 
discharge concentrations of As, Sb and SO4, than would be safe towards the aquatic 
ecosystem, based on water quality guidelines and calculated PNECs. Based on this scenario, 
safe discharge concentrations from both TWs could be around 30 µg/l As, 50 µg/l Sb and 900 
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mg/l SO4. For Ni, the concentration in mine water discharge should not exceed 400 µg/l, for 
Fe 150 µg/l, for Al 20 µg/l, for Cl 800 mg/l and for inorganic N, 30 500 µg/l. These are round 
concentrations based on Table 10. There could also be own guideline limits for both TWs due 
to the differences in their retention capacities. It needs to be noted when interpreting the 
results that these propositions of the permit limits of discharge concentrations are based on a 
data of a single year (2014) and simple modeling of a very complex system. This calculation 
is meant to be an example of a potential way to assess safe discharge levels of different 
elements in a certain environment. More defined modeling of the water flows could give more 
robust results. Together with the use of toxicological tests, this method could be useful in 
setting environmental permit limits. This modeling method might be best applied in the stage 
of Environmental Impact Assessment, which is the foundation of setting the environmental 
permit. 
The maximum PNEC-based effluent concentration of Cl to the TWs is very low. Considering 
the lack of toxicity data on Cl, the reliability of this value is not high and more attention 
should be given to the guideline-based concentration. The PNEC of As is on contrary 
significantly higher than the guideline. 
If the dilution rate is low at certain sample point, it might indicate discharge from TW via 
smaller ditch, or release of elements from sediment through resuspension or food chain (Kelly 
1998). Calculation of retention and dilution rates of different elements in the river might help 
in predicting safe concentrations of discharge. However, these kind of predictions or scenarios 
are always based on a limited amount of data and making assumptions. 
Sediment studies seem to give a good impression of the sources of the contaminants, since the 
impacts on the sediment concentrations seem to be very local. However, the alterations in the 
water properties, i.e. pH and redox potential, can cause the contaminants to be discharged 
from the sediment. A more detailed study of the water and sediment quality would help in 
understanding these reactions. Sediment quality shows the long-term impacts of the mine 
waste waters and help in interpreting the benthos studies results together with water 
monitoring data. As the benthos sampling is not completely quantitative, the comparison of, 
for example, number of observations may not be a valid method. In interpreting benthos data, 
the Shannon-Wiener diversity index seems to be a good tool. 
Deriving the PNECs using SSD was seen to be not a very practical tool to allocate the 
available data to a specific environment. To allocate the PNEC to a certain site, the SSD 
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should contain the toxicity data of certain chemical forms of the contaminants that are 
present. Hence, the biggest hindrance of the SSD method was the lack of data for some of the 
contaminants of interest, such as As, Sb and Cl. Also, the species included in the Ecotox 
database toxicity data are mostly some exotic species of standard toxicity tests that are not 
present in the environment in question. Some toxicity tests with certain contaminants, a 
mixture of contaminants or the actual discharge water would help in deriving site specific 
PNECs. More information on especially toxicity of Sb is required. 
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7. CONCLUSIONS 
According to this study, the most significant potentially harmful elements of the current mine 
discharge water, possibly posing a risk towards aquatic ecosystem are SO4, Sb, and Ni. 
Sulphate and antimony are considered the most important of these. The data from water and 
sediment sampling show the highest load of these elements at sites where also changes in 
benthos diversity and abundance can be detected. Concentrations of also As are significant in 
water and sediment, however As occurs naturally. The results suggest that the slight decrease 
in benthos diversity could be caused by the mine waste water effluent. The ecological state of 
the Seurujoki and Loukinen Rivers are still to be considered mostly good or reference state: 
the impacts on water and sediment quality seem to be quite local. 
The decreased retention capacity of the treatment wetlands is also of concern and needs 
further studies. If the wetlands do not efficiently retain SO4 from mine waters, the 
concentration in the river might be of potentially harmful level even after the implementation 
of new permit limits. This should be taken into account and implement new water treatment 
methods. The results of this study would suggest including Mg to the group of monitored 
elements. 
The scenario calculation of the retention and dilution of various elements on their way from 
the mine water effluent to Seurujoki and Loukinen Rivers, would suggest the proposed new 
environmental permit limits being too high for As, Sb and SO4 in order to maintain excellent 
or good ecological state. There are different potentially non-hazardous concentrations of 
discharge for TW 1 and 4, due to the differences in the quality of process and drainage waters 
as well as in the retention capacities of the wetlands. Based on the scenario, safe discharge 
concentrations of As, Sb and SO4 would be lower than the proposed environmental permit 
limits. However, it is important to remember these calculations are more an example of using 
such a modeling method, being based on data of one year (2014), and making assumptions, 
while the real-life environment is very hard to model even with the most complex methods. 
Toxicological testing of especially As, Sb and Al together with more data on the water 
chemistry would be required to make use of this kind of calculation in, for example, setting 
environmental permit limits. A computational assessment like this about safe levels of 
discharge could be useful in the stage of environmental impact assessment of mining 
operations. 
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Ecological risk assessment in supporting gold mine water management strategy appears to be 
a useful tool. It helps in utilization of the monitoring data: i.e. allocating the load to the 
effects. However, implementing site-specific guideline concentrations for example by the use 
of SSD would require more toxicity data, especially for some elements such as Sb. 
Geochemical modeling of the river water giving the specific chemical species of the elements 
of interest, combined with toxicity data of them would result in more accurate PNECs. This 
could be of help when setting environmental permit limits. Creating scenarios of the behavior 
of different mine water constituents in the environment after discharge could give insight in 
setting permit limits as well, especially if more advanced modeling methods and more precise 
information on e.g. the river characteristics, were applied.  
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Tables 12-14: complementary data for nickel SSD 
Table 12: The central tendencies of nickel in aquatic environment SSD proportions 
Proportion Probit Log 
Central 
Tendency 
SSQ Log         
Upper 
PI 
Log    
Lower 
PI 
Central 
Tendency 
Upper PI Lower PI 
0.05 3.355 1.453 0.076 1.966 0.940 28.391 92.447 8.719 
0.1 3.718 1.852 0.069 2.342 1.363 71.142 219.574 23.050 
0.2 4.158 2.335 0.063 2.803 1.867 216.377 635.744 73.644 
0.4 4.747 2.981 0.059 3.434 2.528 957.614 2715.994 337.639 
0.5 5.000 3.259 0.059 3.711 2.808 1817.143 5135.361 642.995 
0.7 5.524 3.835 0.061 4.293 3.377 6842.733 19635.524 2384.606 
0.8 5.842 4.184 0.063 4.652 3.715 15260.450 44837.233 5193.927 
0.9 6.282 4.667 0.069 5.156 4.177 46414.282 143253.360 15038.290 
0.95 6.645 5.066 0.076 5.578 4.553 116303.017 378702.077 35717.765 
Table 13: The species included in the SSD data for nickel in aquatic environment 
Species Group Species Common Name Species Scientific Name 
Fish Common Carp Cyprinus carpio 
Western Mosquitofish Gambusia affinis 
Zebra Danio Danio rerio 
Crustacean Appalachian Crayfish Cambarus bartonii 
Worms Nematode Heterorhabditis bacteriophora 
Algae Green Algae Chlorella pyrenoidosa 
Fungi Alatospora acuminata 
Heliscus submersus 
Volucrispora graminea 
Higher plants Swamp Morningglory Ipomoea aquatica 
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Table 14: Sensitivities and numbers of observations per taxa (nickel) 
Taxa Mean Stressor 
Intensity 
Standard 
Deviation 
Proportion 
Taxa 
Number of 
Observations 
Cyprinus carpio 42.04482076 0.1506 5 % 4 
Danio rerio 56.56854249 0.2128 15 % 2 
Cambarus bartonii 282.8427125 0.3010 25 % 4 
Volucrispora graminea 1467.5  35 % 1 
Gambusia affinis 1923.330445 0.1609 45 % 8 
Chlorella pyrenoidosa 4000  55 % 1 
Ipomoea aquatica 5000  65 % 1 
Alatospora acuminata 5870  75 % 1 
Heliscus submersus 17610  85 % 1 
Heterorhabditis bacteriophora 100000  95 % 1 
 
Tables 15-17: complementary data for arsenic SSD 
Table 15: The central tendencies of arsenic in aquatic environment SSD proportions 
Proportio
n 
Probi
t 
Log 
Central 
Tendenc
y 
SSQ Log         
Uppe
r PI 
Log    
Lower 
PI 
Central 
Tendency 
Upper PI Lower PI 
0.05 3.355 2.151 0.070 2.608 1.693 141.420 405.279 49.348 
0.1 3.718 2.603 0.067 3.049 2.157 400.952 1120.043 143.533 
0.2 4.158 3.151 0.064 3.588 2.715 1416.236 3868.141 518.524 
0.4 4.747 3.884 0.062 4.314 3.454 7655.571 20605.359 2844.297 
0.5 5.000 4.200 0.062 4.629 3.770 15833.775 42588.703 5886.736 
0.7 5.524 4.853 0.063 5.287 4.419 71261.657 193492.951 26245.006 
0.8 5.842 5.248 0.065 5.687 4.809 177024.479 486787.512 64376.479 
0.9 6.282 5.796 0.068 6.247 5.346 625282.271 1764368.50
9 
221596.51
8 
0.95 6.645 6.249 0.072 6.711 5.786 1772798.237 5144838.14
6 
610867.33
9 
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Table 16: The species included in the SSD data for arsenic in aquatic environment 
Species Group Species Common Name Species Scientific Name 
Fish Channel Catfish Ictalurus punctatus 
Common Carp Cyprinus carpio 
Rainbow Trout Oncorhynchus mykiss 
Flagfish Jordanella floridae 
Fathead Minnow Pimephales promelas 
Amphibians Leopard Frog Lithobates pipiens 
Crustacean Water Flea Daphnia magna 
Scud Gammarus pulex 
Molluscs Snail Biomphalaria glabrata 
Mussel Lamellidens marginalis 
Algae Fungus Botryosporium sp. 
Chaetomium globosum 
Doratomyces sp. 
Fusarium sp. 
Graphium sp. 
Leptosphaeria sp. 
Melogramma sp. 
Phoma sp. 
Stachybotrys chartarum 
Green Algae Scenedesmus quadricauda 
Higher plants Duckweed Lemna minor 
Water Velvet Azolla pinnata 
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Table 17: Sensitivities and numbers of observations per taxa (arsenic) 
Taxa Mean Stressor 
Intensity 
Standard 
Deviation 
Proportion 
Taxa 
Number of 
Observations 
Biomphalaria glabrata 62.99605249 0.1738 2 % 3 
Gammarus pulex 440.7465957 0.1185 7 % 3 
Lithobates pipiens 759.4560688 0.4528 11 % 12 
Lamellidens marginalis 1000  16 % 1 
Ictalurus punctatus 1000  16 % 1 
Azolla pinnata 1000  16 % 1 
Pimephales promelas 2709.055264 0.5744 30 % 10 
Lemna minor 2756.583376 0.5260 34 % 14 
Daphnia magna 2932.541612 0.3950 39 % 17 
Oncorhynchus mykiss 5257.887174 1.0042 43 % 37 
Jordanella floridae 9800.215015 0.4420 48 % 4 
Cyprinus carpio 10000  52 % 1 
Scenedesmus quadricauda 29973.33623 0.0663 57 % 3 
Melogramma sp. 30500  61 % 1 
Graphium sp. 122000  66 % 1 
Botryosporium sp. 122000  66 % 1 
Chaetomium globosum 172534.0546 0.2128 75 % 2 
Stachybotrys chartarum 244000  80 % 1 
Leptosphaeria sp. 244000  80 % 1 
Doratomyces sp. 244000  80 % 1 
Phoma sp. 488000  93 % 1 
Fusarium sp. 488000  93 % 1 
 
Tables 18-20: complementary data for antimony SSD 
Table 18: The central tendencies of antimony in aquatic environment SSD proportions 
Proportion Probit Log 
Central 
Tendency 
SSQ Log         
Upper 
PI 
Log    
Lower 
PI 
Central 
Tendency 
Upper PI Lower PI 
0,05 3,355 1,552 0,188 2,425 0,679 35,633 265,887 4,775 
0,1 3,718 1,994 0,165 2,813 1,175 98,675 650,625 14,965 
0,2 4,158 2,530 0,146 3,299 1,761 338,740 1989,295 57,681 
0,4 4,747 3,246 0,132 3,978 2,514 1762,580 9512,400 326,594 
0,5 5,000 3,555 0,131 4,283 2,826 3586,114 19187,045 670,255 
0,7 5,524 4,193 0,136 4,937 3,449 15600,332 86592,911 2810,511 
0,8 5,842 4,579 0,146 5,348 3,811 37964,840 222953,387 6464,710 
0,9 6,282 5,115 0,165 5,934 4,296 130328,818 859336,658 19765,945 
0,95 6,645 5,557 0,188 6,430 4,685 360908,248 2693042,047 48367,148 
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Table 19: The species included in the SSD data for antimony in aquatic environment 
Species Group Species Common Name Species Scientific Name 
Fish Fathead Minnow Pimephales promelas 
Japanese Medaka Oryzias latipes 
Crustaceans Scud Gammarus pseudolimnaeus 
Water Flea Daphnia magna 
Oriental River Shrimp Macrobrachium nipponense 
Algae Green Algae Pseudokirchneriella subcapitata 
Higher plants Duckweed Lemna minor 
 
Table 20: Sensitivities and numbers of observations per taxa (antimony) 
Taxa Mean Stressor 
Intensity 
Standard 
Deviation 
Proportion 
Taxa 
Number of 
Observations 
Pseudokirchneriella subcapitata 200  7 % 1 
Macrobrachium nipponense 400  21 % 1 
Pimephales promelas 456,4468843 1,9073 36 % 7 
Daphnia magna 2167,325853 0,3385 50 % 4 
Lemna minor 12500  64 % 1 
Gammarus pseudolimnaeus 25700  79 % 1 
Oryzias latipes 300000  93 % 1 
 
Tables 21-23: complementary data for sulphate SSD 
Table 21: The central tendencies of sulphate in aquatic environment SSD proportions 
Proportion Probit Log 
Central 
Tendency 
SSQ Log         
Upper 
PI 
Log    
Lower 
PI 
Central 
Tendency 
Upper PI Lower PI 
0.05 3.355 2.281 0.007 2.419 2.144 191.130 262.367 139.235 
0.1 3.718 2.457 0.006 2.592 2.321 286.154 390.880 209.486 
0.2 4.158 2.669 0.006 2.802 2.535 466.486 634.427 343.002 
0.4 4.747 2.953 0.006 3.085 2.820 896.697 1215.815 661.338 
0.5 5.000 3.075 0.006 3.207 2.943 1188.147 1610.512 876.549 
0.7 5.524 3.328 0.006 3.461 3.195 2127.460 2887.616 1567.413 
0.8 5.842 3.481 0.006 3.614 3.347 3026.225 4116.067 2224.948 
0.9 6.282 3.693 0.006 3.829 3.558 4933.338 6739.742 3611.091 
0.95 6.645 3.868 0.007 4.006 3.731 7386.046 10140.642 5379.707 
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Table 22: The species included in the SSD data for sulphate in aquatic environment 
Species Group Species Common Name Species Scientific Name 
Fish Pacific Salmon Oncorhynchus sp. 
Striped Bass Morone saxatilis 
Indian Catfish Heteropneustes fossilis 
Fathead Minnow Pimephales promelas 
Bluegill Lepomis macrochirus 
Silver Salmon Oncorhynchus kisutch 
Rainbow Trout Oncorhynchus mykiss 
Western Mosquitofish Gambusia affinis 
Amphibians Pacific Chorus Frog Pseudacris regilla 
Crustacean Water Flea Ceriodaphnia dubia 
Ceriodaphnia sp. 
Daphnia magna 
Shrimp Caridina nilotica 
Scud Order Amphipoda 
Scud Hyalella azteca 
Insect/Spiders Mayfly Tricorythus sp. 
Molluscs Pond Snail Lymnaea sp. 
Grooved Fingernail Clam Sphaerium simile 
Lamp-Mussel Lampsilis siliquoidea 
Asiatic Clam Corbicula manilensis 
Snail Biomphalaria alexandrina 
Worms Nematode Heterorhabditis bacteriophora 
Trematode Parasite Schistosoma mansoni 
Tubificid Worm Tubifex tubifex 
Algae Moss Fontinalis antipyretica 
Diatom Navicula seminulum 
Nitzschia linearis 
Green Algae Pseudokirchneriella subcapitata 
Scenedesmus subspicatus 
Higher plants Duckweed Lemna minor 
Eurasian Watermilfoil Myriophyllum spicatum 
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Table 23: Sensitivities and numbers of observations per taxa (sulphate) 
Taxa Mean Stressor 
Intensity 
Standard 
Deviation 
Proportion 
Taxa 
Number of 
Observations 
Lymnaea sp. 149.0176164 2.2947 2 % 2 
Tubifex tubifex 158.13  5 % 1 
Heteropneustes fossilis 200  8 % 3 
Coregonus albula 243.2735086 0.0264 11 % 2 
Mogurnda mogurnda 297.1756174 1.3249 14 % 4 
Heterorhabditis bacteriophora 450  17 % 1 
Morone saxatilis 507.9905907 0.7235 20 % 8 
Fontinalis antipyretica 535.1261799 0.4349 23 % 16 
Oncorhynchus mykiss 658.7222734 0.3146 26 % 7 
Tricorythus sp. 660  29 % 1 
Amphipoda 880  32 % 1 
Ceriodaphnia dubia 924.4467432 0.2910 35 % 38 
Pimephales promelas 943.6722093 0.6120 38 % 60 
Lemna minor 1000  41 % 1 
Pseudacris regilla 1074.414115 0.2081 44 % 18 
Oncorhynchus kisutch 1145.557628 0.1458 47 % 4 
Oncorhynchus sp. 1261.032457 0.0723 50 % 3 
Daphnia magna 1407.473555 0.4596 53 % 15 
Schistosoma mansoni 1414.213562 0.2128 56 % 2 
Pseudokirchneriella subcapitata 1500  59 % 1 
Corbicula manilensis 1500  59 % 3 
Hyalella azteca 1822.192412 0.2389 65 % 59 
Myriophyllum spicatum 2161.638097 0.1977 68 % 8 
Sphaerium simile 2251.42015 0.0880 71 % 8 
Ceriodaphnia sp. 2438.806637 0.0742 74 % 3 
Nitzschia linearis 2465.765601 0.1601 77 % 2 
Navicula seminulum 2465.765601 0.2264 77 % 2 
Biomphalaria alexandrina 2500  83 % 1 
Lampsilis siliquoidea 2685.496898 0.1653 86 % 5 
Caridina nilotica 3345.590165 0.2645 89 % 13 
Scenedesmus subspicatus 5600  92 % 1 
Lepomis macrochirus 7749.700803 0.3254 95 % 10 
Gambusia affinis 19453.64191 0.3211 98 % 4 
 
 
 
 
